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ABSTRACT

The Spaceborne Imaging Radar-C/X-band Synthetic Aperture Radar (SIR-C/X-SAR) is
the most advanced imaging radar system to fly in Earth orbit. Carried in the cargo bay of
the Space Shuttle Endeavour in April and October of 1994, SIR-C/X-SAR
simultaneously recorded SAR data at three wavelengths (L-, C-, and X-bands; 23.5, 5.8,
and 3.1 cm, respectively).

The SIR-C/X-SAR Science Team consists of 52 investigator teams from more than a
dozen countries. Science investigations were undertaken in the fields of ecology,
hydrology, geology, and oceanography. This report contains 44 investigator team reports
and several additional reports from co-investigators and other researchers.
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FOREWORD

The Spaceborne Imaging Radar-C/X-band Synthetic Aperture Radar (SIR-C/X-SAR) is
the most advanced imaging radar system to have flown in Earth orbit. Carded in the
cargo bay of the Space Shuttle Endeavour in April and October, 1994, SIR-C/X-SAR
simultaneously recorded SAR data at three wavelengths (L-, C-, and X-bands; 23.5, 5.8
and 3.1 cm, respectively). In addition, the full polarimetric scattering matrix was obtained
by the SIR-C instrument at L- and C-band over a variety of terrain and vegetation types.
The integrated system is steerable in look angle (electronically in the case of SIR-C,
mechanically in the case of X-SAR) to obtain data in the angular range of 15°-60 °.
Imaging resolution varies from about 10 to 50 meters, depending on the geometry and
data taking configuration. Over the two flights, a total of 143 hours (93 terabits) of SAR
data were digitally recorded on tape for subsequent processing in the U.S., Germany, and
Italy. During the October 1994 flight of SIR-C/X-SAR, over one million square
kilometers of repeat-pass SAR interferometry data were also obtained.

SIR-C/X-SAR is a cooperative experiment between the National Aeronautics and Space
Administration (NASA), the German space agency, Deutsche Agentur fur
Raumfahrtangelegenheiten (DARA), and the Italian Space Agency, Agenzia Spaziale
Italiana (ASI). SIR-C was developed by NASA's Jet Propulsion Laboratory. X-SAR was
developed by the Dornier and Alenia Spazio companies, with the Deutsche
Forschungsanstah f_ir Luft- und Raumfahrt (DLR), the major partner in science,
operations, and data processing. The experiment provides an evolutionary step in NASA's
Spaceborne Imaging Radar (SIR) program that began with the Seasat SAR in 1978, and
continued with SIR-A in 1981 and SIR-B in 1984. It also represents a continuation of
Germany's imaging radar program which started with the Microwave Remote Sensing
Experiment (MRSE) flown aboard the Shuttle on the In'st SPACELAB mission in 1983.

The SIR-C/X-SAR Science Team consisting of 52 investigator teams from more than a
dozen countries are using SIR-C/X-SAR data in studies of geology, hydrology, ecology,
oceanography. Other investigations are focused on topics in SAR calibration and
electromagnetic theory. In addition, interferometric data from SIR-C/X-SAR are being
used for topographic mapping, and surface change monitoring connected with tectonism,
volcanism and glacier ice motion.

SIR-C/X-SAR data provide unique information for studying the health of the planet and
its biodiversity, as well as critical data for natural hazards and resource assessments. The

following papers summarize science results from the two flights of SIR-C/X-SAR. This
report contains 44 investigator team reports and several additional reports from co-
investigators and other researchers. At the time of this writing, processing and analysis
of SIR-C/X-SAR data are continuing. Since the SIR-C/X-SAR flights in 1994, hundreds
of additional investigators have accessed SIR-C/X-SAR data for studies as diverse as

archeology, land-use, and resource management indicating that new findings and
discoveries can be expected from this rich and varied data set for many years to come.

This document can be found at the following World Wide Web site:

D. L. Evans
]. I. Plaut, editors

http://southport.jpl.nasa.gov





PRINCIPAL INVESTIGATORS





Dr. Werner Alpers
Institute of Oceanography
Troplowitzstr. 7
University of Hamburg
D-22529, Hamburg
Germany

Co-Investigators:

H. Masuko Radio Research Laboratory
P. Trivero Istituto di Cosmogeofisica

Comparison of SIR-C Simulated and Measured SIR-C SAR Image Spectra with Ocean
Wave Spectra Derived from Buoys and Wave Production Models in the North Sea

OBJECTIVES

Carry out measurements of two-dimensional ocean wave spectra by a pitch and roll buoy
from the Forschungsplatform Nordsee (Germany Research Platform North Sea) and from
a ship of the German Hydrographic Office in the North Sea. Collaborate with North Sea
oil rig operators to obtain wave spectra from these sites.

A third generation wave prediction model (WAMODEL) will be applied to forecast and
hindcast the wave fields in the North Sea from the measured wind history during the
SIR-C overflight. The WAMODEL has a resolution of 0.5 degree longitude and 0.25
degree latitude. This model (Komen and Zambreski, 1986; Bauer et al. 1988) seems to
be accurate in predicting two-dimensional ocean wave spectra in the North Sea and will
be refined for the SIR-C mission.

PROGRESS

During both shuttle missions, experimenters at the University of Hamburg performed
expenments in the German Bight of the North Sea, off the island of Sylt. The aim of
these experiments was to investigate the radar signatures which are caused by different
surface films, i.e., by different monomolecular slicks consisting of artificial biogenic
substances and, on the other hand, by different mineral oils, i.e., heavy and light (Diesel)
fuel. The SIR-C/X-SAR data from both experiments were acquired and processed in
different ways, i.e., performing different statistical analyses, during the last months. In

addition to the experiments in the German Bight, Japanese scientists under the leadership
of Dr. H. Masuko performed similar surface film experiments off the Japanese coast.
Here, a certain substance was deployed several times to get a reliable set of SAR images
with radar signatures for intercompafison and polarimetric studies. X-SAR quicklook
processor data tapes provided by DLR, as well as the quicklook data on CD ROM
provided by JPL (L- or C-band), and I-PAF (X-band) after both shuttle missions have

been checked for features which could be of interest for oceanographic studies. It turned
out that in several parts of the world's oceans the water surface was covered with surface

films during the shuttle flights. However, only a few data takes showing oil spills have
been found (e.g., one large oil spill in the Baltic Sea during the first shuttle mission).
Therefore, a collection of interesting scenes taken in different SAR modes (i.e., only like-
polarization or full polarization mode) have been ordered and are to be processed in the
near future.

Another aim of the participation of the University of Hamburg in the shuttle missions was
to compare wave spectra obtained from the SAR images at different radar bands and
polarizations with in-situ data from buoy measurements and spectra obtained from a wave

prediction model (WAM) provided by the European Center for Medium Range Weather
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Forecast(ECMWF). Forthis purpose,SARimagesfrom theNorth Seatestsitehavebeen
acquiredandprocessed. A SAR imagetakenduring the first shuttlemissionover the
northeast(NE)Atlantic showsa broad,darkbandcrossingtheSARtrack.After watching
thevideotapeof this datatake(96.3),scientistsfirst thoughtthat this darkbandwasdue
to a mineral oil spill. However, it turnedout that a strongatmospheric(rain) front was
responsiblefor this signature.The SAR imagesof this topic have been orderedand
processed.Other datatakesof the NE Atlantic (adjacentin spaceand time) havebeen
checkedfor this front, however,suchstrongsignatureshavenotbeenfound.Furthermore,
bright signaturescausedby strong rain cells havebeenfound on SAR imagesof the
TropicalPacific, the MexicanGulf, andtheCentralAtlantic. Theywill beprocessedand
studiedduringthenextmonths.

SIGNIFICANT RESULTS

The two slick experiments in the GermanBight took place under different weather

conditions: During the f'n'st mission, on April 18, the weather was fine with a wind speed
of 5 m/s, but during the second mission, on October 6, the weather was stormy, and the
wind speed raised up to values of more than 10 m/s. Under these strong wind conditions,
surface slicks remain on the water surface only for a short time, because they are rapidly
washed down. However, most of the deployed surface films have been recognized as dark
patches on the SAR images taken at this test site. It turned out that the surface wave

damping behavior of one substance (oleyl alcohol), which was used for both experiments,
was different for the unlike wind conditions: Under strong winds the measured reduction
of the radar backscatter was lower and was comparable to one of the other substances,
especially mineral oil (one has to admit that, for environmental reasons, the amount of

mineral oil was kept very small, so that this oil spill obviously showed a damping
behavior similar to that of the monomolecular surface films). Significant differences
between the surface films resulting from various statistical processing have therefore not
been found. On the other hand, under low to moderate wind conditions, the

monomolecular slick deployed during the first experiment showed a different damping
behavior from a mineral oil spill that was found on a SAR image of the Baltic Sea. A

characteristic damping maximum at C-band has been found which can be explained by
the Marangoni damping theory (which is applicable to monomolecular surface films).

This result is in agreement with the results obtained from the Japanese scientists during
their experiments (Masuko and Alpers, 1995). The mineral oil spill in the Baltic Sea
showed a strong inhomogeneity, because of a drifting of the upper oil layer, due to wind
and surface currents. However, on the thick (windward) edge of the spill, in particular, a
different damping behavior was found, i.e., no damping maximum at C-band, but an
increasing radar contrast with increasing radar wave number (Gade and Alpers 1995a)
(Gade and Alpers 1995b). Recent polarimetric studies of slick-free and slick-covered

water surfaces have shown that there are differences in the polarization signatures with
respect to incidence angle, wind (i.e., surface roughness), and slick coverage. In all cases,
Bragg scattering seems to be the dominant scattering mechanism, where the fraction of

spatial scattering varies with incidence and slick coverage. The processing of SAR image
spectra, which was extensively done with the JPL airborne SAR (AIRSAR) images taken
in 1991, was extended to SIR-C/X-SAR data taken over the North Sea and showed

distinct wave systems. The two-dimensional image spectra processed from these SAR

images show unimodal wave systems and reproduce very well the spectra obtained using
the WAM model, with respect to peak wavelength and direction. This can be explained
by the weak nonlinearity of the imaging of these ocean waves, except for the cases of
shallow water close to the coastline. Further image spectra, which were calculated on

both sides of the atmospheric front over the Atlantic Ocean, showed strong differences,
although taken at a distance of only 25 km from each other: The obtained spectra were
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rotated,which wasmostpronouncedfor X-bandandlessfor L-band.This effect canbe
explained by the different dependenceof the oceanwave-radarmodulation transfer
function (MTF) on wind speed,which resultsin a different imaging of thewave fields.
This couldbeprovedby simulationsof wavespectrafor bothsidesof thefront (Alperset
al. 1995a).

FUTUREPLANS

Theresultson radarsignaturesof differentoceansurfacefilms arenot yet sufficient for
any definitive statementon whether or not active radar techniques are capable of
discriminating betweennatural (biogenic) slicks and (manmade)mineral oil spills.
Therefore,moreSAR scenesshowingsurfaceslicks or mineraloil spills (e.g.,oil spills
aroundoil drilling fields in the Arabian Seawest of Bombay)are to be studiedin the
future. Special attentionwill be focusedon polarimetric studiesof theseSAR scenes.
New chemical insights into the morphologyof monomolecularsurface films will be
gainedfrom laboratoryexperiments.Resultswill bepresentedat the next International
Geoscienceand RemoteSensingSymposium(IGARSS) (Alpers et al. 1996)and in a
Ph.D.thesis(Gade1996).

Theoreticalstudiesof the classificationof SAR imagespectra,i.e., a newmethodof the
bestfit betweensimulatedandmeasuredimagespectra,will bepublishedsoonin a Ph.D.
thesis(Schmidt1995).

Takingadvantageof thepolarimetriccapabilitiesof theSIR-Cradarsystem,morestudies
regarding the backscatteringmechanismof the water surface (theoretical as well as
experimental) shall be done. For this purpose,someadditional SAR scenesmay be
ordered. For studiesof radarsignaturesof rain cellsover theworld's oceans,moreSAR
scenesshall beorderedto get reliablestatisticalresultsout of the hugeamountof such
data. First results coming out of these studies will be presented at the IGARSS '96
Symposium (Alpers et al. 1996). The results may be extended by laboratory experiments.
Several SAR images were taken over the Wadden Sea in the German Bight showing
distinct dark and bright structures corresponding to underwater bottom topography or
dry-fallen sandbanks. This interesting data set is worth being studied, and the results will
be compared with those obtained from ERS-1 SAR images and with theoretical models
for surface convergence (and the resulting radar backscatter).

PUBLICATIONS

Alpers, W., and B. Holt, Imaging of ocean features by SIR-C/X-SAR: An overview,
Proceedings of the International Geoscience and Remote Sensing Symposium (IGARSS
'95), Florence, Italy, 1588-1590, 1995.

Alpers, W., C. Melsheimer, C. Brnning, and R. Schmidt, Imaging of ocean waves by
SIR-C/X-SAR over the North Sea and North Atlantic, Proceedings of the International
Geoscience and Remote Sensing Symposium (IGARSS '95), Florence, Italy, 1317-1319,
1995a.

Alpers, W., A. Schmidt, R. Schmidt, and C. Brnning, A comparison of ocean wave-radar
modulation transfer functions at different radar frequencies and polarizations determined
from tower and aircraft measurements, Proceedings of the International Geoscience and
Remote Sensing Symposium (IGARSS '95), Florence, Italy, 1087-1089, 1995b.
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Alpers,W. et al., severalpapersaboutdifferentresultsobtainedfrom SIR-C/X-SARdata,
presentedat IGARSS '96, 1996.

Bao, M., C. Binning, and W. Alpers, On the nonlinear imaging of two-dimensional ocean
surface wave fields by interferometric SAR, Proceedings of the International Geoscience
and Remote Sensing Symposium (IGARSS '95), Florence, Italy, 775-777, 1995.

Gade, M., and W. Alpers, The German surface film experiments during the two SIR-C/X-
SAR missions, EARSel Newsletters 3/95, 1995a.

Gade, M., and W. Alpers, First results from the German surface film experiments during
the two SIR-C/X-SAR missions, Proceedings of the 15th EARSeL Symposium, Basel,
Switzerland, 1995b (in press).

Gade, M., Ph.D. thesis about the damping behavior of different surface films with respect
to the energy flux on the water surface, 1996.

Huehnerfuss, H., W. Alpers, H. Dannhauer, M. Gade, P. A. Lange, V. and V. Wismann,
Natural and man-made sea slicks in the North Sea investigated by a helicopter-borne 5-
frequency radar scatterometer, Int. J. Remote Sens., 1995 (in press).

Mango, S., S. Chubb, F. Askari, J. Lee, G. Valenzuela, R. W. Jansen, R. A. Fusina, B.
Holt, R. M. Goldstein, W. Alpers, T. F. Donato, M. R. Grunes, H. H. Shih, J. Verdi, J. C.
Church, and L. K. Shay, Remote sensing of current-wave interactions with SIR-C/X-SAR

during SRL-1 and SRL-2 at the Gulf Stream supersite, Proceedings of the International
Geoscience and Remote Sensing Symposium (IGARSS '95), Florence, Italy, 1325-1327,
1995.

Masuko, H. and W. Alpers, Observation of artificial slicks with SIR-C/X-SAR around

Japan, Proceedings of the International Geoscience and Remote Sensing Symposium
(IGARSS '95), Florence, Italy, 227-229, 1995.

Schmidt, R., Ph.D. thesis about a new method of classification of SAR image spectra,
1995.



Mr. Robert C. Beal
TheJohnsHopkinsUniversity
Applied PhysicsLaboratory(APL)
JohnsHopkinsRoad
Laurel,MD 20707-6099

Co-Investigators:
FrankM. Monaldo(APL)
ThomasGerling (APL)

GlobalWaveForecastingin theSouthernOcean

OBJECTIVES

The goal of this project is to demonstratethe potential value of spaceborneSynthetic
ApertureRadar(SAR)for operationaloceanwavemonitoringandforecasting.

This projectcomplementstheSpaceRadarLaboratory(SRL)investigation"Optimization
of SAR Parametersfor Wave Spectra"(PI: F. Monaldo,CI: R. Beal), with somewhat
overlapping tasks and similar goals, that is, the understandingand application of
spaceborneSARto operationaloceanwavemonitoringandforecasting.

PROGRESS

Using the APL real-time SARprocessorwith both the SRL-1 and SRL-2 missions,we
haveacquireda SAR waveimaging andcomparisondataset more than two ordersof
magnitudegreaterthan in anypreviousU.S. SAR mission. This SRLdatasetis all the
moreuniqueandvaluable,sinceit wasacquiredat botha low altitudeandalow off-nadir
angle. Both of thesearenecessaryconditionsfor any futurefreeflyer dedicatedto global
oceanwavemonitoring. Thedatasetfor ourSRLinvestigationconsistsof:

1) Over 100,000SAR ImageSpectraover the SouthernOceanfrom the real-time
APL SAR Processor: 45,000 from April, and 55,000 from October.

2) Eighteen precision, high resolution SAR imagery data-takes correlated by JPL,
both over the Southern Ocean and over the North Atlantic.

3) Numerical wave model (WAM) nowcasts for the periods covering both April and
October missions, from both the U.S. Navy Fleet Numerical and Meteorological Center
(Monterey) and the European Centre for Medium Range Forecasting (ECMWF)
(Reading).

4) European Remote Sensing Satellite (ERS-1) SAR derived wave spectra from the
Max Planck Institute covering the entire globe for the time intervals of both the April and
October missions.

APL Processor SAR Data

Aboard Endeavour, an APL-built processor correlated SAR imagery from the SIR-C C-
band HH-polarization signal and produced image spectra which were transmitted to the
ground in real time. More than 100,000 image spectra from the APL-processor were

stored from 120 data takes in SRL-1 and 126 data takes in SRL-2. The wave spectra
cover most of the Southern Ocean from 45S to 60S. The data set includes measurements

where the ocean significant wave height (SWH) varied from near zero to over 12 m,
spanning nearly the full range of naturally occurring sea states.
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WAM Nowcasts

During SRL-1 and SRL-2, the Navy'sFleetNumericalMeteorologyandOceanography
Center(FNMOC) retainedthenowcastspectramadefrom theirversionof theoperational
WAM forecastmodel. An analogouscomparisonmodel dataset is also availablefrom
ECMWF throughcollaboratorsat theMax PlanckInstitute (Hamburg).

ERS-1SAR Imagery

Given thebroadgeographicalcoverageof datafrom theAPL processor,thereareat least
30 timesin theSouthernOceanduringeachmissionwhenERS-1wavespectraandAPL-
processor image spectra were located less than 50 km apart and acquired within one hour
of one another. Loosening the colocation criteria only slightly will produce more than
100 such comparisons sets.

SIGNIFICANT RESULTS

Using real-time APL-processor data received at Johnson Space Center, we merged SAR
wave vector estimates over the Southern Ocean with wave vector forecasts from

FNMOC, and daily placed the combined products on a World Wide Web site. During the
mission, the site was visited more than 150 times by investigators from as far away as
South Africa and Australia. This effort demonstrated the potential of providing wave
information from spaceborne SAR quickly enough to be usefully assimilated into wave
forecast models. The site

ftp://fermi.jhuapl.edu/sirc/sirc.html

currently shows recent data and analyses from the SRL missions. In the past year, we
have processed image spectra with only a simple SAR modulation transfer function.

Even these results show quality retrievals of wave direction and wavelength. In the
future, we will employ more sophisticated retrieval schemes that may permit the accurate
measurement of ocean SWH as well.

FUTURE PLANS

Given the totality of the SIR-C image spectra, ERS-1 SAR spectra, and WAM model
estimates, we intend to 1) make a definitive determination of what ocean wave

parameters can be extracted from spaceborne SARs and with what accuracy; 2) specify
the SAR satellite configuration that optimizes this retrieval; and 3) demonstrate, with a

statistically significant data set, the value of SAR for improved global wave forecasting.

We are currently collaborating with William Plant who, while a visiting scientist at the
Max Planck Institute this last year, applied nonlinear retrieval algorithms to estimate

wave spectra from coincident SIR-C and ERS-1 data. We expect to submit a joint paper
in the upcoming year, documenting the comparison of ERS-1 and SIR-C-derived image
spectra.

We intend to make a systematic comparison, wave system by wave system, to ascertain
systematic differences between WAM model wave estimates and SIR-C measurements
for the entire Southern Ocean data set. We will then determine whether these differences

are due to input wind field errors, model problems, and/or SAR wave imaging



limitations.We expecttheresultsto form themajorscientificandoperationaljustification
for a low altitudewavemonitoringSARsatellite. Suchasatellitewouldeasily fit into the
NASA "Lightsat" category,and would also bea candidatefor the "New Millennium"
spacecraftannouncementof opportunity. Both the U.S. Navy and National Oceanic and
Atmospheric Administration (NOAA) have strong interests in the improvement of
operational wave forecast products that would be possible with such a dedicated low

altitude free-flyer. Moreover, NASA should have an equally strong interest in the
demonstration of the advanced technology necessary to do the SAR on-board processing
and the real-time global dissemination of data to a worldwide user network.

PUBLICATIONS

Beal, R. C., S. F. Oden, J. L. MacArthur, and F. M. Monaldo, Real Time Ocean Wave

Monitoring from Space: A Thirty-Year Quest Achieved, Johns Hopkins APL Technical
Digest, vol. 15, No. 3, pp. 237-241.

Gerling, T. G and P. A. Wittmann, Comparison of SAR-estimated Wave Spectra with
WAM Model Estimates During the SRL Southern Ocean Experiment, Proc. 1995
International Geoscience and Remote Sensing Symposium, Florence, Italy, July 1995.

Monaldo, F. M. and R. C. Beal, SRL Real-Time Wave Forecasting in the Southern
Ocean, Proc. 1995 International Geoscience and Remote Sensing Symposium Florence,
Italy, July 1995.

Monaldo, F. M. and R. C. Beal, Real-Time Observations of Southern Ocean Waves

Fields from the Shuttle Imaging Radar, IEEE Transactions on Geoscience and Remote
Sensing, vol. 33, No. 4, pp. 942-949, 1995.

Plant, W., S. Hasselmann, C. Bruning, R. Beal, and F. Monaldo, Comparison of Ocean
Wave Spectra from a Nonlinear SAR Inversion Scheme using ERS-1 and SIR-C Data
Sets, Proc. 1995 International Geoscience and Remote Sensing Symposium, Florence,
Italy, July 1995.

Wittmann, P. A., R. M. Clancy, and R. C. Beal, FNMOC Supports Wave Modeling
Around the World and into Space, Naval Meteorology and Oceanography News, July
1995.

In addition, the following formal presentations have been given:

Beal, R. C., The SRL Real Time Wave Forecasting Experiment and its Implications for a
Future Satellite Design, invited seminar to NOAA/NESDIS, 15 December 1994.

Beal, R. C., The SIR-C Real-Time Southern Ocean Experiment, invited seminar to the
Max Planck Institute for Meteorology, 6 July 1995.

Beal, R. C., Ocean Applications ofSpaceborne SAR, invited presentation at the US-ROC
Oceanic Microwave Remote Sensing Workshop, U. Delaware, 16 August 1995.



Dr. R. J. Brown

Applications Division
Canada Centre for Remote Sensing
588 Booth Street

Ottawa, Ontario K1A 0Y7
Canada

Co-Investigators:
H. Gwyn University of Sherbrooke
T. J. Pultz Canada Ctr. for Remote

Sensing

Canada Centre for Remote Sensing Altona, Manitoba test site

OBJECTIVES

The overall objectives of the experiment were to evaluate the capabilities of multidate,
multiparameter SAR data to estimate soil moisture in an agricultural environment for a
variety of soil types in the spring and fall, develop models which provide a better
understanding on the relationships between soil moisture and texture, surface roughness
and radar frequency, polarization and incidence angle, evaluate the use of a change
detection approach for soil moisture monitoring and to gain a better understanding of the
information content of polarimetric data.

PROGRESS

Temporal changes in SIR-C, C- and L-band radar backscatter over the Altona site in
relation to changing environmental conditions such as frost, rain and soil moisture have
been evaluated. In addition, the soil moisture model developed by J. C. Shi has been
applied to the data.

SIGNIFICANT RESULTS

The results indicate that environmental events such as frost and rain can be monitored.

However, care must be taken as some soil targets at high moisture contents may behave
as specular reflectors at longer wavelengths, such as L-band at large incidence angles
which will mask soil moisture effects. The strongest correlation (rho=.84) with soil
moisture was obtained for the 0-2.5 cm soil profile at HH polarizations and was
approximately the same at C- and L-band. All polarizations displayed a decrease in soil
moisture correlation with increasing soil profile depths. It was observed that soil texture

effects on the estimation of soil moisture from radar backscatter are relatively small and
can be neglected. Although the sensitivity to surface roughness is greater at HV and VV

than at HH polarization, it is possible that roughness could be neglected when measuring
soil moisture over relatively short periods of time at a given site without significantly
reducing the sensitivity of the relationship between radar backscatter and soil moisture.

The L-band soil moisture model produced estimated values which were in good
agreement with the observed conditions.

FUTURE PLANS

Evaluation of existing soil moisture models and extension of results to RADARSAT data.
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PUBLICATIONS

Boisvert,J. B., T. J.Pultz,Y. Crevier,R. J.Brown,B. Eilers, 1995."Potentialof Multi-
date Imagery for Soil Moisture, Texture and Drainage Classification: Preliminary
Results."17thCanadianSymposiumonRemoteSensing,Saskatoon,Saskatchewan,June
13-15,pp.511-515.

Crevier,Y., T. J.Pultz, T. Toutin, 1995."TheInfluenceof DataIntegrationMethodology
on Multi-SourceSAR ImageRadiometryandSoil MoistureEstimation."17thCanadian
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A Study of the Potential of Multicomponent SAR Imagery for Agricultural and Forestry
Studies

OBJECTIVES

Develop the methods to fully exploit multicomponent SAR data sets of agricultural and
forestry areas.

Determine the radiometric information content of multicomponent SAR imagery of
agricultural and forested areas by developing backscatter models.

Develop techniques for the derivation of specific target information from a
multicomponent data set, and consequently determine the optimum set of measurement
parameters for use in specifying future SAR missions.

Develop improved image processing techniques for the extraction of specific image
attributes from these images.

PROGRESS

To date, the analysis team have received more than 50 SIR-C or X-SAR image products.
They cover three sites:

Feltwell/Thetford in England
Tapajos in Brazil
Manaus CSAP in Brazil

Generally, the data have been of a very high quality. However, some problems have been
noted with SIR-C antenna pattern corrections over Tapajos, and other artifacts (e.g., nadir
ambiguities and interference in certain data). Feedback on these has been given to JPL.

The English data takes encompass agricultural and forestry research sites, while the
Brazilian sites cover areas of tropical forest and regeneration.

Analysis is being conducted by GEC-Marconi Research Centre, primarily on the
agricultural site at Feltwell, by RSADU on Thetford Forest, Tapajos and Manaus, by the
University of Sheffield on Tapajos and Feltwell, and by the University of Swansea on
Manaus.

At GEC-Marconi Research Centre, imagery of the agricultural test site from both
missions has been ingested into a database. Field-averaged mean backscatter levels have

been investigated to date, with particular attention given to examining differences
between SIR-C/X-SAR observations early and late in the growing season, with previous
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resultsfrom AIRSAR campaignsin 1989and 1991in themiddleof the growing season.
Essentiallythe aim herehasbeento providea clearerindication of the radarchannels,
whether polarimetric or multifrequency, which are necessary for effective crop
identification. A preliminary investigation has also been undertaken of the accuracy of
soil moisture retrieval using the algorithm of Pascale Dubois.

At RSADU, Thetford Forest imagery from both missions are being entered into a long-
standing database which also contains various AIRSAR, ERS-1, and JERS-1 images of
the forest. Comparisons are being made of the relationships between backscatter cross
sections as a function of forest biomass between the different sensors. Over Tapajos,
only SIR-C imagery from the October mission is currently being analyzed, because of the
calibration problems with the April acquisition. The October data have been added to a

Tapajos database containing JERS-1, ERS-1 satellite images, and images from the
Canadian SAREX experiment. Biomass change is, again, the focus of analysis, with field
data having been gathered in 1994 as part of a joint Brazil/UK ground experiment. The
Tapajos analysis is also being related to work on the Manaus CSAP site. Along with
ground measurements for sample plots in the Manaus region made in 1993 and 1995, an
April scene is being used to validate the relationships between biomass and microwave

backscatter derived at Tapajos. The Sheffield team have started examining
multipolarized image segmentation, using the agricultural Feltwell area as a test site.

They also have an interest in sites at Tapajos, although these were not ideally imaged by
the selected Tapajos swath.

Field work at Manaus has continued. This year, the team from Swansea undertook a

further field campaign and collected data from 22 forests of different ages. A preliminary
analysis of Manaus imagery has been undertaken.

SIGNIFICANT RESULTS

Feltwell Agriculture

The agricultural experiments at somewhat unconventional times of the growing season
have yielded some very clear and fascinating results. With relatively little ground cover
by crops, we found the L-band channels of limited effectiveness in discriminating crop
types. This compares markedly with observations at the height of the growing season
made with the AIRSAR. Rather, we see polarimetric C-band observations as the main
source of discrimination. Information contained in the HH-to-VV correlation was of

most apparent value. The L- and C-band results have been backed up by simulations
using a second-order radiative transfer backscatter model. It was also observed that,
under these conditions, C-VV and X-VV backscatter measurements were very highly
correlated.

Initial attempts at using Dubois' algorithm for soil moisture retrieval have not proved
successful. However, there is probably a need for more careful consideration of the
calibration status of the data before more firm conclusions are drawn.

No open-literature publications have yet been made. An account of the agricultural
discrimination work has been prepared for the British National Space Centre (GEC-
Marconi Research Centre Report MTR 95/51 by P. Wright et al.), and of the soil moisture
retrievals for the European Space Agency ("SAR Retrieval Algorithms for Land
Applications" MTR 95/36, by R. Cordey et al).
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ThetfordForest

TheSIR-CL-HH dataoverThetfordForestsupporttheconclusionsalreadyreachedfrom
JERS-1andAIRSAR dataandshowamonotonicrise in backscatterwith biomassdensity
up to 50-80tonnesperhectare,with saturationbeing reachedthereafter.Thebehaviorof
SIR-C L-HV is currently being investigated to determine its dynamic range and
saturationpoint.

Manaus

Early results from the Swanseateamarecurrently beingwritten up for a letter in the
InternationalJournalof RemoteSensing.

FUTUREPLANS

Across the various test sites, there remainsa considerableprogram of work to be
undertaken.The priority for the agriculturalanalysisis to find anappropriateroute to
publication. Presentationat PIERS (Innsbruck) is anticipated. Elsewhere,analysis
programsareto bepursued.Jointanalysisof tropical forestbiomassestimationbetween
theTapajosandManaussitesis plannedat RSADU,while theSwanseateamareto begin
bringingoptical data(Landsat)into their analyses.The Sheffieldgroupplanto continue
their studies with more detailed statistical analysesof the agricultural imagery over
Feltwell.

Generally, SIR-C/X-SAR data have attracted much attention as a multiparameter satellite
data set and it is anticipated that the interest in the UK will continue to broaden beyond
the confines of the specific agricultural and forestry experiments reported here.
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Geologic and Hydrologic Studies of Saudi Arabia Under the Spacebome Imaging Radar-C (SIR-
C) Science Plan

OBJECTIVES

Use Synthetic Aperture Radar (SAR) imagery to detect lithological boundaries, distinguish tectonic
features, map fluvial geomorphology, and elucidate hydrologic systems within larger areas of
Saudi Arabia having a thin sand cover.

Establish the Pleistocene paleodrainage system of Saudi Arabia with implications for the hydrology
of the country and possibly for archeological geology.

Assess the effects of sand terrain diversities on backscatter intensity as a function of radar
parameters.

PROGRESS

During each of the Space Shuttle Endeavor missions in April and October 1994, fourteen data takes
were acquired by the Space Radar Laboratory-1 and -2 (SRL-1 and SRL-2) over the Arabian
Peninsula (Figure 1). The SIR-C/X-SAR L-band data from both the missions on CD-ROMs have

been received. These data have been processed, analyzed, and interpreted to assess their
significance for mapping geological and hydrological features in the Arabian Peninsula.

The main objectives of this study are: 1) assess the sand penetration capability of L- band radar in
an eolian environment, 2) conduct digital image processing experiments on the multiparameter data
sets and merge radar data with Landsat images, and 3) detect lithological boundaries, distinguish
tectonic features, and map hydrological systems (surface and subsurface).

The L-band survey mode data (50-meter resolution) have been processed and printed at a
1:500,000 scale. The geological interpretation of all fourteen data takes over the Arabian Peninsula
from SRL-1 have been completed, and the interpretation of SRL-2 data is in progress. The
general interpretation of the radar data has revealed several previously unmapped geologic
structures which are being further investigated (see results). Detailed evaluation of radar

subsurface penetration and eolian sand deposit mapping is also in progress.

SIGNIFICANT RESULTS

The interpretation of SRL- 1 and SRL-2 data has indicated instances of L-band penetration in loose
dry sand. Stream drainage patterns which are either on the surface or covered by a thin layer of
sand were visible on the radar images. Several faults, folds, and joints which are not visible on
optical remote sensing images and are not shown on existing geologic maps, were identifiable on
the radar images. These findings are described for four designated sites, viz. Test sites 1 through 4
(Figure 2), in the subsequent sections.
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SandPenetrationof L-Band

Test site 1 was selectedto investigatethe L-bandsandpenetrationcapability.Figure 3 shows
LandsatTM coverageof thissite. Theareaconsistsof acoastline,sabkhas,sanddunes,andsand
sheets.The sand sheetand sanddune areas,designatedasA and B in the image, have sand
thicknessesof 2-3meters.As canbeseenfrom Figures4 (C-band)and5 (L-band),thesandcover
disappearson theL-band images,whereasit is visibleonC-bandatbothdesignatedareasA and
B, indicating L-band penetration of the sand cover. For further verification of L-band sand

penetration capability, one of the comer reflectors was buried under 2 meters of sand to be imaged
during the SRL-2 mission, but unfortunately, the site was not imaged. Ground data collection for
penetration verification is in progress.

Mapping Of Paleo-Drainage Channels

The paleo-drainage mapping capability of L-band radar has been investigated at two sites, one in
Nafud A1-Mazhur, Test site 2 (Figure 2), and the other in Southern Rubal Khali, Test site 3
(Figure 2). Both of these sites have drainage systems, parts of which are either filled or covered
with sand and, hence, are suitable for the assessment of radar data to detect both exposed and
buried drainage channels.

Landsat MSS and L-band radar images of Nafud AI Mazhur, test site 2, comprising bedrock, sand
sheets, and drainage channels are shown in Figures 6 and 7. In Figure 6 which is an MSS near IR
image, there is little contrast between drainage channel beds and the adjacent bedrock and, hence,
the drainage channels are not pronounced. The dry channels which are either floored or filled with

layers of wind-blown silt and sand produce very low radar returns and appear dark gray on the L-
band radar image (Figure 7). The adjacent bedrock has rough angular surfaces that produce strong
radar returns and appear bright on the radar image. The contrast between drainage channels and the
adjacent bedrock surfaces strongly enhances the drainage pattern seen in Figure 7, the L-band radar
image. The medium gray tones in the middle of the image (Figure 7), represent a thin cover of sand

sheet. In the Landsat MSS image (Figure 6) one of the major channels is barely visible where it
crosses the sand sheet in the middle of the image. However, the same channel can be traced further
on the radar image, suggesting penetration of radar signals through the sand. Since the radar
images used in this analysis are low resolution survey mode
data, improved results are expected from the interpretation of the full resolution data, which is
currently being acquired from NASA JPL.

For Test site 3 (Figure 2), the southern margin of Rubal Khali, Landsat MSS IR band and L-band

radar images, are shown in Figures 8 and 9. This area comprises barchan, longitudinal, and dome
dunes, as well as interdune areas. The rectangle in the Landsat MSS IR band (Figure 8) shows the
area covered by L-band radar images (Figure 9). Comparison of Figures 8 and 9 reveals some
large channels (shown by black arrows) meandering between sand dunes that are visible on the L-

band radar and totally missing on Landsat MSS image. This is possible because of L-band radar
penetration in the dry loose sand. These channels may be old fiver beds buried under a thin cover
of sand. Field verification is planned to validate these findings.

Digital image processing experiments were conducted to enhance the radar data, and merge it with
other remote sensing data. Figure 10 shows a color composite of test site 2 which was produced
by speckle removal of L-band data and arithmetically merging it with Landsat MSS bands 2,4,
and 7. As can be seen from Figure 10, the merged data retain the benefits of both the data sets,
and can significantly aid the interpretation of the radar data.

Figure 11 shows a Pleistocene drainage map of the Arabian Peninsula, compiled from a variety of
published maps as well as interpretation of Landsat images. The green dotted lines on this map
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representpossibleextensionsof drainagesystemswhich needto bevalidated.Theimprovedradar
L-banddetectionof paleo-drainagechannels,at the two sites,demonstratesits ability to define
paleo-drainagechannelsunderthinsandcover,andshouldhelp in updatingexistingunderstanding
of thehydrologyandpaleo-climateof theArabianPeninsula.

MappingOf GeologicStructures

The SIR-C/X-SAR datastrips traversingsome50,000km crossthe land areaof the Arabian
Peninsula(Figure 1), providea unique,synopticview of thegeologyof this largely remoteand
barrendesertterrain.Interpretationof thesedata,with theaidof LandsatMSSimagesandgeologic
maps,haverevealedfaults,joints, folds, andformationcontactswhich arenot clearly visible on
Landsatimagesor onpublishedmaps.

An exciting exampleof thin sandcoverpenetrationandenhancementof a major fault is present
alongWadi Sahba,Testsite4 (Figure2). TheL-bandradarimage,andits geologicinterpretation,
areshownin Figures12aand12b.Thisradarimageextendsacrossasectionof WadiSahbawhere
thelowerTertiarystrataof theUmmEr Radhumalimestonearelargelycoveredby Ad Dhanasand.
To thenorthof theWadiSahbafault,thedrainagepatternandkarstterrain,incisedin thebedrock
belowthedunesand,areclearlyvisibleon theradarimage(Figure12a),but arenotapparentsouth
of theWadi Sahbafault. Thefault is clearly shownhereby its linearcharacter,but can only be
inferredfrom othertypesof remotesensingimagesor geologicmaps.Immediatelyto thesouthof
thefault, thatis thetopographicallylow side,darktoneis theresultof low radarreturnfrom thick
sanddunesandalluvium,thusprovidingthestrongcontrastwhich definesthe fault trace.Further
southward,thick sandyieldsto thinsandbelowwhichthekarstifiedTertiarylimestoneandmarl is
onceagainrevealed.On mapsandLandsatimagesthis is all shownasAd Dahnasandduneswith
scatteredsmalloutcrops.This is anexcellentexampleof sandpenetrationby theSIR-C/X-SARL-
bandradarexposinggeologicstructurewhich is notapparentfrom othergeologicdata.

Detailed field investigationof the new evidenceprovided by the SIR-C/X-SAR data for the
extensionof theNisah-Sahbafault, amajor fault zonein thevicinity of theoil rich Khurais and
Ghawaranticlines,isbeingconductedandresultsareanticipatedto bepublishedin aninternational
journal.

The overall resultsof geologicinterpretationof theL-band imagestrips indicatethat the radar
imagescomplementandenhanceotherremotesensingdataandprovideanewanduniqueview of
thegeologicstructures.

FUTUREPLANS

Interpretationof theremainingSRL-2L-bandimagestripsovertheArabianPeninsulafrom survey
dataproductsat ascale of 1:500,000.Interpretationandmapping of fourteenimagestripsfrom
SRL-1andsixdatatakesfrom SRL-2havealreadybeencompleted.

Acquisition of full resolutiondata,all bands,for 10sitesthat showedpromising resultsin the
initial interpretation.

CompareSRL-1andSRL-2datafor changesof radarbackscattercausedby seasonalvariations.

Field verification of paleo-drainagechannelsandgeologicfeaturesidentifiedonSRL-1andSRL-
2 data.
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PUBLICATIONS

A1-HinaiK. G., 1995.A look atearththroughtheeyesof shuttleimagingradar,A1-Kafila,Saudi
AramcoOil CompanyMagazine,March.

A1-HinaiK. G., A. E. Dabbagh,W. C. Gardner,andM. Asif Khan,1996.Geological
Interpretationof ShuttleImagingRadarSIR-C/X-SARDataof SaudiArabia,TheMiddleEast
GeoscienceConferenceandExhibition,Manama,Bahrain,April 15-17,(Submitted).

A1-HinaiK. G., M. Asif Khan,andA. E. Dabbagh,1996. Evaluationof SpaceRadarLaboratory
(SRL)datafor SandDuneMapping,ConferenceonDesertDevelopmentin theArabianGulf
Countries,Stateof Kuwait, 23-26March,(Submitted).

DabbaghA. E., KhattabG. A1-Hinai,andM. Asif Khan,1994,An overviewof theshuttle
imagingradar(SIR-C/X- SAR) experimentandpreliminaryanalysisof theearlydataproducts,
SymposiumonDesertStudiesin theKingdomof SaudiArabia,Centerfor DesertStudies,King
SaudUniversity,Riyadh,2-4 October.

Dabbagh A. E., Khattab G. AI-Hinai, and M. Asif Khan, 1995. Evaluation of the Shuttle Imaging
Radar (SIR-C/X- SAR) Data for Mapping Paleo-Drainage Systems in the Kingdom of Saudi
Arabia, International Conference on Quaternary and Climatic Change, United Arab Emirates, A1-
Ain, December 9-11.

We plan to publish a book on the application of radar remote sensing with an emphasis on the
Saudi Arabian experience.
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Figure 2. Location of the four test sites.
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Figure 3. Landsat MSS band 7 of test site 1.
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Figure 4. SIR-C/X-SAR C-band of test site 1.
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Figure 5. SIR-C/X-SAR L-band of test site 1.
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Figure 6. Landsat MSS band 7 of test site 2.
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Figure 7. SIR-C/X-SAR L-band of test site2.
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Figure 8. Landsat MSS band 7 of test site 3
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Figure 9. SIR-C/X-SAR C-band of test site 3.
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Figure 10. Originally a color composite for test site 2 produced by merging
L-band and LANDSAT MSS bands 4, 5, and 7.
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Figure 11. PLEISTOCENE DRAINAGE OF ARABIAN PENINSULA
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Biomass Modeling of the Ponderosa Pine Forests of Western North America with SIR-
C/X-SAR for Input to Ecosystem Models

OBJECTIVES

Integrate existing forest biophysical measurements with field measurements and

calibrated aircraft SAR and calibrated SIR-C/X-SAR images to form a spatially
registered data set for model development and testing. Extend our L-band radar forest
model to X- and C-band and four polarizations.

Determine the major backscattering components from a forest using aircraft SAR and
SIR-C/X-SAR.

Develop and evaluate an inversion procedure through which the above-ground forest
biomass, partitioning, patchiness, and spatial and height distributions within a stand can
be estimated from SAR images.

PROGRESS

Our SIR-C/X-SAR research has focused on forest backscatter modeling and SIR-C data
analysis for Loblolly pine forests at the Duke Forest Supersite. In support of the
modeling and analysis, UCSB graduate students conducted a field study in Duke Forest
during the SRL-1 mission. We are working in close collaboration with Eric Kasischke at
Duke University who has provided forest stand data.

Data Acquisition/Analysis

Single-look calibrated SIR-C data for the ten available Duke Forest scenes have been

ordered and received at UCSB. Four of the scenes are from the April mission, a time of
rapid leafing-out of trees and shrubs in Duke Forest, during which it rained on three
occasions. Six scenes are from October, at which time the leaves had not yet fallen, and
ground conditions were much drier than in April. X-SAR data has also been ordered and
received for nine scenes.

The following data processing has been completed for all ten SIR-C scenes: Sub-images
of the Durham Division of the forest (the region for which stand data are the most
complete) have been processed into sigma-0 images (L- and C-bands, polarizations). The
sub-images have been imported into Arc-Info Grid. An Arc-Info stand map (supplied by
ERIM) has been registered to each scene. Backscatter statistics for approximately 70
stands have been extracted and summarized for each data take. In our initial analysis of
the Duke SIR-C data, we examined the backscatter statistics and trends in the data series

that might be explained by variations in incidence angle or changes in forest conditions
from day to day and season to season. Other graphical analyses done include
comparisons of backscatter to stand age (and biomass) and comparisons of backscatter
from pairs of same-incidence angle data takes from SRL-1 and SRL-2. An analysis of
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model predictions versusobservedbackscatterchangesresulting from soil moisture
changesis in progress.

A study is underway on forest backscatteringmechanisms,basedon the radar target
decompositionmethod(Cloude,1992;VanZyl, 1994). This studyis presentlybasedon
AIRSAR datafrom floodplain swampforest (AltamahaRiver, Georgia)andPonderosa
pineforest(Mt. Shasta,Califomia). It maybeextendedto includeSIR-Cdatafrom Duke
ForestandBrazil.

Although theShastadatasetis notasrichastheDukeset,therearesix scenes(including
one of Mode 16) that include the Shastasite. Therefore,we plan ananalysisof stand
structureversusbackscatter,utilizing our Shastaforeststanddata. OneMt. Shastascene
hasbeenorderedandreceivedat UCSBandasecondscenewasorderedrecently.

ForestBackscatterModeling/Analysis

The SantaBarbaramicrowavecanopybackscattermodelunderwentcontinuingevolution
during 1994-95,with several improvements in coding and function. Notably, the
discontinuousandcontinuouscanopymodelswereintegratedinto a singleprogram,and
surfacescatteringmodelsrecentlypublishedby Oh et al. (1992, 1994)and Funget al.
(1992)wereincorporated.Two modelingstudieshavebeencompletedsince1994.In the
first, Loblolly pine standsrangingfrom <1 to 14kg/m2 weremodeledandthesimulated
backscatterwascomparedto AIRSAR data. In thesecondstudy,Loblolly standsranging
from 8 to 60 yearsof agewere modeled.Sensitivity of backscatterfrom thesestandsto
variationsin surfaceroughnessandsoil moisturewasevaluatedby meansof simulation.
Responseof SIR-Cbackscatterto soil moisturechangesis presentlybeingcomparedwith
thesimulationresults.

Field Work

During theApril SIR-Cmission,astudyof theforestfloor in six Loblolly standsin Duke
Forest wascarried out by UCSB graduatestudents. We were assistedby local high
schoolstudents,in coordinationwith Eric Kasischke's soil moisture study. We measured
surface roughness, soil moisture, and L-band dielectric constant, and litter depth, density,
and volumetric moisture content. Some tree dielectric measurements and observations of

forest state were made near the time of shuttle overflights.

SIGNIFICANT RESULTS

We validated a canopy backscatter model for Loblolly pine forest stands at the Duke
Forest, North Carolina, by comparing the observed and modeled SAR backscatter from
the stands. Given the SAR backscatter data calibration uncertainty, the model made good
predictions (Wang et al. 1995) of C-HH, C-HV, L-HH, L-HV, L-VV, P-HH, and P-HV
backscatter for most of 25 stands studied. The mode overestimated C-VV backscatter for

several stands, and largely overestimated P-VV backscatter for most of the stands. Using
the collected SAR backscatter and ground data, and the backscatter model, we studied the

influences of changes in biomass on SAR backscatter as a function of radar frequency
and polarization, and evaluated the feasibility of deriving the biomass from the
backscatter. This study showed that C-HH, C-HV, C-VV, L-VV, and P-VV SAR

backscatter may be insensitive to the biomass change. L-HH, L-HV, P-HH, and P-HV
SAR backscatter changed more than 5 dB as the biomass varied. This study also showed
that the L-HH and P-HH backscatter or L-HV and P-HV backscatter may be used to
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develop algorithms to retrieve trunk biomassor canopybiomassof the Loblolly pine
forests.

For young (< 15yearsold) Loblolly pinestandsat Duke Forest(North Carolina,USA),
whenthegroundwaswet, theobservedERS-1SARbackscatterfrom short-grassfieldsof
0.05 kg/m2 biomasswasequal to the backscatterfrom the stands,and there wasno
significant correlationbetweenthe backscatterandbiomass(r2 = 0.19). Underdry soil
conditions,thebackscatterincreasedabout2 to 3 dB asthebiomass(Wanget al. 1994)
increasedfrom 0.05kg/m2 to about0.5-1.5kg/m2, andthebackscattermaybesaturated
neara 0.5-1.5kg/m2 biomasslevel. Thecorrelationcoefficientbetweenthe backscatter
and biomasswas r2 = 0.46. When the SantaBarbaramicrowave canopybackscatter
model was applied to simulate the ERS-1 SAR backscatterfrom the standsover dry
ground,modeledand observedbackscatterhadsimilar trendswith increasingbiomass.
For thesestands,sensitivity analysesusing the model showedthat asthe surface-soil
moisture increased,the major contributor to the total backscatterwas chan_edfrom
canopyvolumescatteringto surfacebackscatterbetween0.4 andabout 1kg/mz. Signal
saturating at low standing biomass, and high sensitivity to soil moisture conditions limits

the value of a short-wave (C-band) and steep local incidence angle (23 deg.) microwave
sensor such as the ERS- 1 SAR for forest monitoring.

Measurements of forest floor surface roughness were made in Duke Forest Loblolly pine
stands in April 1994 in connection with the NASA Shuttle Imaging Radar (SIR-C)
mission. A simple, inexpensive, and field-worthy surface roughness gauge (SRG) was
built for this field study. The problem of how to define the "surface" within the layered
forest floor system was addressed. A practical approach to forest floor roughness
measurement tailored for the modeling of forest floor scattering was proposed. We
estimated rms height and correlation length of the soil surface for 56 transects. Overall
mean rms height is 2.2 cm and mean correlation length is 29 cm. Within-stand sampling
variance is large, but stand means are similar. There is no evidence to indicate that

surface roughness varies as a function of stand age or transect orientation. The data
collected can be used to parameterize forest floor surface scattering models for Duke
Forest and possibly other similar forests.

The Santa Barbara microwave canopy backscattering model was used to investigate the

sensitivity of forest backscatter to soil roughness and moisture. Surface scattering was
simulated using the empirical model of Oh et al. (1992, 1994, Salita, 1995). Values for
surface roughness and soil moisture parameters were based on the ranges measured in
Duke Forest during SRL-1 and SRL-2. The simulations indicate the following: At C-
band, co-polarized backscatter was moderately sensitive to surface conditions at 20-30

degree incidence angles for a young (8 yr.) stand and at 20 degrees for a mid-aged (25
yr.) stand. C-HV was moderately sensitive only to the young stand at 20 degrees. C-
band was insensitive to surface conditions at shallower incidence angles and in more
mature forests. L-HH was moderately sensitive in mature stands and strongly sensitive in
young and mid-aged stands in the range of surface conditions simulated. L-VV had
moderate sensitivity only for one mid-aged stand at all incidence angles. L-HV was
insensitive for all stands and angles. The insensitivity of L-HV to surface conditions is
one likely cause the for relatively strong correlations observed between L-HV backscatter

and biomass. Initial analyses of the Duke SIR-C data do not demonstrate the response of
back,scatter to soil moisture predicted by the modeling. Further work is needed to isolate
the effects of soil moisture from other factors affecting SIR-C backscatter.

The radar target decomposition method was verified using SAR images containing
dihedral comer reflectors. The method was applied to decompose multifrequency JPL
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AIRSAR backscatterfrom two typesof forests to analyzeand understandscattering
mechanismsin forestedenvironments.For thePonderosapineforest(Mt. Shasta,Calif.),
asSAR wavelengthincreasedfrom C-bandto P-band,scatteringwith anodd numberof
reflectionsdecreased,scatteringwith anevennumberof reflectionsincreased,anddiffuse
scatteringshowedno clear trend. For the floodplain swampforest (AltamahaRiver,
Georgia),scatteringwith anoddnumberof reflectionsdominatedat C-band. Scattering
with anevennumberof reflectionswasstrongat L-bandandstrongerat P-band. Diffuse
scatteringfrom bothmarshandswampforestwas<20%of total scatteringat C-bandand
<15% at L-bandand P-band. This studymay beexpandedto include SIR-C datafrom
DukeForestandBrazil.

PreliminaryfindingsbasedonDuke ForestSIR-Cdataanalysis

1) SIR-Cbackscatterfrom oursite is exponentiallydistributedasexpectedfor dense
forest canopiesthat satisfy Rayleigh fading assumptions(Ulaby and Dobson, 1989).
Becausethe fadingstatisticsarewell described,wecanplaceconfidenceboundsaround
forest stand backscatterestimates. For the Duke Loblolly stands,90% confidence
intervalsarein therangeof +/- 0.3to +/- 0.7dB, dependingonstandsize.

2) Sigma-0of theforestincreasesasincidenceangledecreases.Thetrendis stronger
thanexpectedfrom modelingor previousdata. Thecauseof thetrendandwhetheror not
it is statisticallysignificanthavenotyetbeendetermined.

3) As anticipatedfrom previousstudies,the relationshipbetweenbackscatterand
standage (or biomass)is weak. Only L-HV appearsto correlatedirectly with forest
biomass. (The indirect biomassretrieval methoddiscussedbelow may overcomethis
apparentlimitation.)

4) In most cases,variations in backscatterbetweendifferent dates(for datatakes
having thesameincidence angle)are on the orderof 0-3dB for individual standsand
<2 dB for averagesof thestands.We cannotbesurewhethertheobservedvariationsare
dueto calibrationerroror to knownor unidentifieddifferencesin forestconditions. The
variationsareof thesamemagnitudeasstand-to-standsigma-0differencesattributableto
biomass.Within-scenerelativecalibrationis beingconsideredto removethesystematic
variations.

5) With the exceptionof one rainy morning during SRL-1, backscatterwas not
higherfor wetsoil thandry soil conditions,evenatsmall incidenceangles.This apparent
contradiction to model-basedexpectationsis under scrutiny and may lead to better
understandingof sourcesof forestbackscatteruncertainty.

FUTUREPLANS

Biomassseparabilityundervaryingconditions

Our first priority is to investigatethe separabilityof forest standsof differing structure
andbiomassunderdifferent environmentalconditions for a rangeof incidenceangles.
The main emphasiswill beonDuke Loblolly stands,however,Mt. Shastadatawill also
beevaluated.Ourapproachis outlinedin thefollowing questions:Underwhatconditions
(incidenceangle,moisture,season)domultiple regressionsof SIR-Cbackscattergive the
strongestpredictionsfor totalstandbiomass,for crownbiomass,for basalarea,or for tree
height? For the sameconditions,how effective is the L-HV/C-HV ratio in predicting
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biomass?This researchwill extendwell into 1996. Someof theresultswill beutilized in
the indirectbiomassretrievalstudy(below).

IndirectBiomassRetrieval

It has becomeincreasingly clear over the past threeyears that the direct regression
approachfor estimatingforest biomassfrom backscatteris not very powerful, exceptin
fairly low biomassforests. The useof cross-polarizationratios, asproposedby Ranson
andSun(1994),raisesthebiomasslevelat whichthe signalsaturates,but it remainsto be
seenhow applicablethe techniquewill befor diverseforeststructuraltypesof moderate
to high biomass. Dobsonet al. (1995)speakto this issuevery plainly. In that paperthe
authorsobservethat muchof the datascatterseenin regressionsof backscatterversus
biomassis dueto variationsin foreststructure. For example,afew largetreesmayhave
a total biomassequivalent to that of many small treesbut the former producehigher
backscatter.

Dobson et al. advocatean indirect method for estimating biomass.In the first step,
regressionsagainstbackscatteraredevelopedto predictcrown biomass,basalarea,and
height of each forest structuralclass. Second,estimatesof trunk biomassarederived
from basalareaand height using allometricequations. Finally, total biomassfor each
classis the sum of crown biomassplus trunk biomass. Insteadof regressionson the
aggregateforest system,the regressionsareon individual structuralcomponentsthat are
morelike whatmicrowavesactuallyinteractwith.

We plan to apply Dobson'sindirect methodto improve biomassestimatesin the Duke
Loblolly stands.Apart from thequestionof extensibilityof this approachto theLoblolly
forest, anequally important questionneedsto be addressedand will be investigatedin
this study: how consistent are results from passto pass, for varying calibration and
incidenceangle,andunderchangeableforestconditions? The usefulnessof the indirect
biomassretrieval methodwill dependon whetherit is broadlyapplicableandrepeatable
underdifferent SARandforestconditions.

Texture

A parallelstudyis plannedutilizing texturemeasuresto complementbackscatterintensity
in the estimationof biomass.There is much evidencethat for many forests structural
evolutionaccompaniesbiomasschangeovertime. This is certainly true in the "old field"
Loblolly stands at Duke. Furthermore, several papers demonstrate improved
discrimination of forest types in SAR imageswhen texture is usedto augmenttone.
Differencesin biomass,sensedindirectly throughdifferencesin foreststructure,may be
estimatedmore robustly throughimagetexturethanis possibleusingbackscatteralone.
Preliminarywork hasbegunwith a literaturesearchandapplicationof texturealgorithms
to Mt. Shastadata. At present,we view this study's primary goal as generatingan
independentchannelof SIR-Cinformationto feedinto biomassestimationprocedures.
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SIR-C Investigations of Snow Properties in Alpine Terrain

OBJECTIVES

Estimate snow-covered area and distribution of snow water equivalence over alpine
drainage basins. Surface material may be trees that are taller than the snow depth, brush,
or grass that will be covered by the snow, soil, scree, talus, or bedrock, or glacier ice.

Estimate spectral albedo of snow cover.

Model spatial distribution of snow surface energy exchange, melt rate, and snow
metamorphism intensively during two-to-four-week periods around SIR-C/X-SAR
flights, and less intensively during the rest of the snow season.

PROGRESS

Our recent studies, using SIR-C/X-SAR and AIRSAR data, have shown a significant
improvement in understanding and modeling backscattering and polarization properties
as a function of snow parameters. Maps of snow-covered areas derived from SIR-C/X-
SAR and AIRSAR now compare well with those derived from visible images, which
require clear weather and daylight. A better than 80% accuracy for both dry and wet snow
covers can be achieved when compared with TM classification results. We have
developed an accurate algorithm to retrieve snow-wetness, which indicates where and at
what rate snow is melting. The tested results using C-band SIR-C and JPL AIRSAR data
indicated that an accuracy of 2.5% can be achieved at 95% confidence interval. We have

developed an algorithm to estimate snow density and depth. The initial test showed very
promising results. Thus, accurate information about the spatial and temporal distributions
of snow water equivalency and melting status of snow cover can be provided by SIR-
C/X-SAR for hydrological and climatic investigations and operations.

Field Measurements

During the first and second SIR-C/X-SAR missions in April and October 1994, we
carried out near-simultaneous field campaigns at three test sites: Mammoth Mountain in
the Sierra Nevada, California, the Ortimqi River basin in the Tien Shan, China, and the
Echaurren basin in the Andes, Chile.

At the Mammoth site, three comer reflectors were used for calibration. We selected three

test sites near Mammoth Mountain based on SIR-C/X-SAR passes. For each data-take
we measured two snow-pits for the vertical profile of snow properties at each site:
temperature, snow density, grain size and size distribution, free liquid water content, and
stratification. In addition, we measured snow properties along two transects that cross
each site for information about spatial distribution. Those measurements included snow

depth, density, wetness, and surface roughness.
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At theTien Shansite,five comer reflectorswere usedfor calibration. Snowproperties
measurementsincludedsnowtemperature,depth,anddensity. At theEchaurrensite,we
measuredsnowtemperature,depth,density,particlesize,andsurfaceroughness.

MicrowaveModelingandBackscatteringResponseto SnowParameters

The main problem in estimating snow properties from remote sensing data is
understandingthelinks betweenthe electromagneticinteractionsin differentpartsof the
spectrumandthe physical propertiesof the snow. Modeling microwavebackscattering
from snow.packsrequiresknowledgeof snowcharacteristicsandtheir dynamicsto select
an appropnatemodel. Both theoryand field datashow that microwavebackscattering
coefficientsaresensitiveto parametersdescribingsnowmicrostructure.

Stereologicalmethods,appliedto imagesof sectionscut from undisturbedsnow,areused
to obtain accurate,unbiasedestimatesof snow microstructureparametersfor discrete
scatterermodeling. Our recentstudieshavefoundthatthe iceparticlesizedistributionin
seasonalsnowcanbecharacterizedasa log-normaldistribution function. The required
parameters(the geometricmeandiameterand standarddeviationof particle diameters)
for fully describingthe particlesizevariationanddistribution canbedirectly measured
by stereologicalvariables. The resultsshow that in addition to snow density andice
particle size, the particle size variationaffectsextinction propertiesof dry snow. The
optically equivalenticeparticlesizefor Rayleighscatteringin asnowpackwith grainsize
variationscanbedeterminedfrom thestereologicaldata.

We havedevelopeda polarimetricmodelthatincludesbothsurfaceandvolumescattering
aswell asthe interactiontermsbetweensurfaceandvolume. Radiativetransfermodels
for densemediaandthe randommediawereusedfor thevolumescattering.Thesurface
scatteringmodels(IEM, SPM,POM,andGOM) wereintroducedto theradiativetransfer
equationsin orderto evaluatethe importanceof the interactionsbetweenthesurfaceand
volumescatteringsignals.

Through SAR data analysesand model simulations, we found that backscattering
measurementsfrom dry snow are affected by three sets of parameters:(1) sensor
parameters,(2) snowpackparameters,and (3) groundparameters. The relationships
betweenbackscatteringsignalsand snow water equivalencecanbe either positive or
negative,dependingon the snow physical parameters,groundsurfaceparameters,and
incidence angle. In addition to snow density and ice particle size, size variation,
snowpackstratification,andunderlyinggroundconditionsaffect the interpretationof the
observedbackscatteringsignals. Whenthescatteringsignalfrom thesnowpackis greater
thanthesignalfrom the ground(attenuatedby theoverlying snow),apositivecorrelation
is expected.Otherwise,thecorrelationis negative.

We also found that the relationshipbetweenthe co-polarizationsignalsat C-bandand
snow wetnessis controlled by the scatteringmechanisms. In addition to the snow
properties,thesurfaceroughnessand local incidenceangleplay animportantrole in the
relationshipsbetweenthe co-polarizationsignalsandsnow wetness. This relationship
canbeeitherpositiveor negative,dependingon thesnowproperties,surfaceroughness,
andincidenceangle.

SnowMapping

Previously,snowin alpineregionshasbeenmappedwith conventionalSAR imageryby
comparing a geocodedSAR image with a simulated image. This method requiresa
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compatibledigital elevationmodel (DEM) for generationof thesimulatedimage,andthat
theDEM andSAR databe coregistered.The capability of a single-polarizationSAR in
mapping snow-cover is limited to wet snow condition. Single polarization SARs
operatingat 5.3 GHz (C-band)canmapwet snow andice-freesurfaces,but theypoorly
separateglacierice from snowandrock.

Throughevaluationof thecharacteristicsof thebackscatteringandpolarizationresponse
of snow, we found that mapping snow in remote alpine regions by using intensity
measurements reqmres topographic information to obtain correct radiometric
measurementsand to reduce angular dependencefor discrimination. Because the
measurementsof polarizationpropertiesandof the ratiosbetweendifferent frequencies
provided by SIR-C/X-SAR do not require topographic correction, an appropriable
selectionof thesemeasurementsthroughevaluatingtheincidenceangledependenceand
separabilitybetweendifferent targetswithin the scenemakesit possibleto map snow
coverswithout requiring topographicinformation in remotealpine regions.Using this
technique,we comparedthe coregisteredTM classificationresultswith SIR-C/X-SAR
classificationresults.Accuraciesbetterthan80% for wet snow-coveredfrom pixel-by-
pixel comparisoncanbeobtainedfor binaryclassification.Themajordifferencebetween
TM and SIR-C/X-SAR binary classificationresultsaredue to themixed pixel problem.
In addition, we have found that SIR-C/X-SAR can map dry snow cover when
multifrequencyand multipolarizationdatawith DEM areused.This is in contrastwith
single-polarizationSARswhich arelimited only to mappingwet snowcover.A similar
accuracycanalso beobtained. Currently,we areevaluatingthepossibility of mapping
dry snow cover without requiring topographicinformation. Thus, SIR-C/X-SAR has
comparablecapability with the visibleandnear-infraredsensorsto mapbothdry andwet
snow covers.

Snow Wetness

From a verified backscattering model, we have developed an algorithm for retrieving
snow wetness using C-band polarimetric SAR imagery. Our algorithm is based on a first-

order scattering model, with consideration of both surface and volume scattering. At the
regional scale, the inferred spatial distribution of snow wetness from two SIR-C data-

takes showed clear characteristics. Higher snow wetness was estimated on the south slope
than on the north slope, and the elevation dependence of snow wetness was inferred. This

agrees well with our knowledge of the characteristics of spatial distribution of free liquid
water content in snow. The comparison of SAR-derived snow wetness with ground
measurements indicated that the absolute error at 95% confidence interval was 2.5%.

Both regional and point measurement indicate that the inversion algorithm performs well
using C-band SIR-C/X-SAR data and will prove useful for routine and large-area snow
wetness measurements if a multi-parameter spacebome SAR becomes available.

Snow Water Equivalency

Based on the numerical simulations of our polarimetric model for dry snow covered
conditions, we have developed a physical-based algorithm to estimate snow water
equivalency and the snowpack equivalent particle size. This algorithm is based on the

first-order backscattering model so that it should have less effect on the site-specific
problems. It uses L-band co-polarization measurements to estimate snow density and the
underlaying surface dielectric and roughness properties. Then, the backscattering signals
from the snow-ground interface at C- and X-band can be decomposed from the total
backscattering signals by estimation of the surface backscattering components from the
underlaying surface dielectric and roughness properties. Finally, the snow depths and
snowpack equivalent particle sizes can be estimated from C- and X-band measurements.
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This algorithm doesnot requirea backgroundimage (without snow cover) so that the
problemsdue to mis-coregistrationandthe surfaceroughnesspropertieschangecanbe
avoided. Thecurrenttestresultsfrom two SIR-C/X-SARdatatakesoverourMammoth
test site showedthe accuraciesof 62 kg/m3, 38.1 cm and 19.8cm for snow density,
depth,andwaterequivalence,respectively.Currently,we aretestingthis algorithmover
all datatakesfor dry snowcoverattheMammothsite.
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Application of SIR-C SAR to Hydrology

OBJECTIVES

Determine and compare soil moisture patterns within one or more humid watersheds using SAR
data, ground-based measurements, and hydrologic modeling.

Use radar data to characterize the hydrologic regime within a catchment and to identify the runoff
producing characteristics of humid zone watersheds.

Use radar data as the basis for scaling up from small scale, near-point process models to larger
scale water balance models necessary to define and quantify the land phase of GCMs.

PROGRESS

During the time since the SIR-C/X-SAR missions, this project has received 13 processed SIR-C
images from SRL-1 (April 11-18, 1994) of the primary hydrology supersite in Chickasha,
Oklahoma, as well as 10 X-SAR images On three days, long strips (either 98 or 200 kin) of the
data takes covering the Washita watershed were also processed. We have just now begun to
receive processed scenes from the SRL-2 mission in October, with a total of 9 images logged in so
far which cover a primary sampling site within the Little Washita watershed.

Data have also been received for the back up super site at Mahantango, PA. We have received the
two scenes for April and three uncalibrated interferometric scenes from the October mission.

During both missions, and the week of the aborted August shuttle flight, extensive ground data and
aircraft data were collected at both the primary and secondary supersites. The types and quantities
of data collected at the two sites varied from mission to mission but included extensive ground
truth data (soil moisture, roughness, vegetation, etc.), flux stations, radiosondes, weather stations,
stream flow, and aircraft measurements (C-130 ESTAR, NS001, TIMS, JPL AIRSAR, USDA
vis-nir, and thermal).

During the SRL-1 field experiment (April 6-16, 1994), field conditions were initially dry, became
wet as a result of a heavy rainstorm on the afternoon of 4/10/94 and morning of 4/11/94, and then

gradually dried down throughout the remainder of the experimental period (a change in volumetric
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soil moistureof 15-20%).In contrast,during theSRL-2experiment(October1-6,1994),mostof
thewatershedremaineddry exceptfor localizedrainfall in thenorthwestpart of thewatershedon
theeveningof 10/3/94andin thenorthernpartof thewatershedon theeveningof 10/4/94.

Conditionsat Mahantangoin April werevery wetwith little changein soil moisturebetweenthe
two datatakes. DuringOctober,conditionswerequite abit better. Theareawasinitially dry for
the first data take, followed by rain and a dry down for the next standarddata take and the
consecutivedaysof the intefferometricdatatakes.

Estimationof soil moisture. Initially wehavefocusedon datacoUectedonApril 11,12,and15th.
After registeringtheimages,wemadealandcoverclassificationthatwasneededfor boththeradar
inversion models and the hydrological models.The land cover classification combined the
algorithmwith classificationsof urban,tall vegetation,shortvegetationandbaresoil andtheNDVI
estimationfrom aThematicMapperimageacquiredApril 1994.TheNDVI allowsusto distinguish
betweenactiveshortcrops(like winterwheat)andpasturethatis still in senescence.

Following the classification,two estimationprocedureswereapplied: anempirical, regression
similar to that describedin Lin et al. (1994)andtheinversionmodelof Duboiset al. (1995).In
addition,a distributedhydrologicalmodelwasalsousedto estimatesoil moisturewithin theLittle
Washitafor theApril SIR-Cmissionperiod.

We alsocooperatedwith J.C. Shi of the University of California at SantaBarbara(UCSB) to
retrievesoil moisturefrom SIR-Cdata.Shi'sapproachis acombinationof the IntegralEquation
Model (IEM) and a statistical technique.Due to the complexity of the IEM, Shi adoptedthe
assumptionthat the randomsurfaceheight is small andusedthe Small Perturbationmodel to
approximateIEM. Theresultsfrom Shi'smodelfor analmostbaresurface(a field with emerging
cornandrow structure)werequite good,exceptfor overestimateson two dry days,which maybe
attributedto thecalibrationaccuracyof SIR-C,i.e.,within 2 dB. However,for theshortvegetated
fields, the modeltendsto overestimateondry daysandunderestimateonwet days.This maybe
relatedto the SmallPerturbationapproximationof themodelor to avegetationattenuationeffect,
althoughtheoreticalstudiesshowthattheattenuationissmallatL band.

Scalingof soil moisture. This researchhasbeeninitially carriedout with remotely sensedsoil
moisturecollectedduring theWashita'92 field experiment.Resultspublishedin Dubayahet al.
(1995)indicatethatthesoil moistureexhibitsmultiscalingproperties,namelylog-log linearityof
statisticalmomentsasa function of scale,and nonlineardependenceof scalingexponentswith
ordermoment.

Truck radarexperiments.To complementtheShuttleradardataandprovideanaccuratemeansof
comparison of microwave data acquiredat different spatial scalesfrom different platforms,
NASA/GSFC's three-frequency,truck-mountedradarwasdeployedto the hydrology supersite
near Chickashaduring SRL-1.Designedand operatedin conjunctionwith GeorgeWashington
University, the truck radarconsistsof L-, C-, andX-bandradars(1.6,4.75, and 10GHz) which
approximatetheL-, C-, andX-band radarson SIR-Cand theL- andC-radarson NASAJJPL's
airborne AIRSAR system.On eachof eight daysof actualdatacollection the truck radartook
measurementsat three frequencies(L, C, X), four polarizations(HH, HV, VV, VH), andthree
angles(30, 40, 50 degrees)for four test fields which eachrepresenteda typical surfacecover
found in thewatershed(pasture,alfalfa,newcorn/bare,winterwheat).Calibratedfield averagesof
truck radarbackscatterfor eachof thesetestfields havebeencompiledfor L- andC-bandandare
availablefor distribution;mostof the X-banddatawere consideredto be marginaldueto noise
floor problems.Comparisonsof truck radar,SIR-C,and AIRSAR L-banddataindicatethat for
certainfields thethreesensorswererespondingalmostidentically to thesoil moisturedry down
(agreementgenerallyto within 1dB). In otherfields, theremightbeagreementin somechannels
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butnot in others(like vs. crosspolarization,for example).Thesedifferencesarecurrently under
investigationin light of surfacescattering,crosscalibration,andviewinggeometryconsiderations.

SIGNIFICANT RESULTS

Cross-comparisonof radarsensorresponsebetweenthe truck, AIRSAR, SIR-C, and ERS-1
radarsindicatesa generalagreementon theorder of 1dB for certainfields at L-band (CVV for
ERS-1).For otherfields anddatachannelsthereis a poorermatchin sensorresponsewhich is
currentlyunderinvestigation.

For a primary pasturetest site measuredby both SIR-C and the truck radar, an LHH radar
sensitivityto soil moistureof 5-6dBchangein backscatterfor a 11-12%changein volumetricsoil
moisturewasrecorded.

A soil moisture inversion proceduresimplified from the Integral Equation Model produced
estimationerrorsof 2.8%volumetricsoil moisturewhenappliedto L-bandAIRSAR andSIR-C
dataof theLittle Washitawatershed.

An empiricalalgorithmbasedonscatterometerdatahasbeendevelopedfor retrievingsoil moisture
andtheRMS surfaceroughness.ThemodelhasbeentestedusingAIRSAR and SIR-Cdataand
theRMSerror in thesoil moistureestimatewaslessthan3.5%.

FUTUREPLANS

Estimationof soil moisture. We will continuetoexploretheroleof radardatafor theestimationof
soil moisture.Specifically,weplanto do thefollowing research:

(i) Extendtherangeof conditionsfor which SIR-Cdatahasbeeninvestigatedto date.This will be
doneby applyingthesameproceduresusedin Pauwelset al. (1995)to theOctober1994field data.
In addition,we havebeencollaboratingwith otherSIR-C soil moistureresearchersin Italy and
Belgiumandanticipateajoint papersummarizingSIR-Csoil estimationacrossanumberof areas.

(ii) Test additional inversion algorithms,specifically J. C. Shi'sand A. K. Fung's,to the data
collectedat Chickasha.This work would bedonein collaborationwith GSFCandwill provide
importantinsightsinto therangeof estimatesprovidedby radarinversionmodels.

(iii) In conjunctionwith JPL (J. van Zyl), we will continue to explore the usefulness of SIR-C data

for estimation of soil moisture at regional scales. JPL has extracted an 800 km strip from the April
12 Chickasha ascending scene. We plan to do inter comparisons between this radar data and rain
radar data (to identify wet areas) and with hydrological model derived soil moisture.

(iv) The effect of moisture and surface roughness to surface scattering is nonlinear. Instead of the
current statistical approach of using polarization ratios to invert soil moisture from SIR-C data, we
will test a combination of neural network and IEM, a technique currently under development by A.
K. Fung's group that we learned when we attended IGARSS in July. We will cooperate with A.
K. Fung's students, K. S. Chen and Y. C. Tseng, who now work at the Center for Space and
Remote Sensing Research, National Central University, Taiwan.

Scaling soil moisture. We plan to carry out similar scaling analyses with the SIR-C backscatter
data and with derived soil moisture data. The objective of this work is to determine a resolution

appropriate for regional soil moisture estimation. Extension of soil moisture estimation procedures
from the scale of individual fields to the scale of the entire watershed will be pursued in different
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waysincludinguseof ahydrologicalmodelfor thewatershedandcomparisonwith SSM/Isatellite
microwavedata. Processingof anySCANSARdatatakesover theLittle Washitawatershedwill
berequestedin thisregard.

Active-Passivesynergism.Futureresearchwill includecontinuingdevelopmentof soil moisture
inversion modelsutilizing SIR-C dataaloneand also radardata in combinationwith ESTAR
passivemicrowavedata and other remotesensingand meteorologicalmeasurements.Cross-
calibrationof sensorresponsefor all missionconditionswill bea preliminaryfocus.

Soil properties. We also intend to try to use the SIR-C and AIRSAR datasets to extract
informationaboutthephysicalpropertiesof thesoils. Forthiswork, therelativerateof changein
soil moisture(drying)canbeassociatedwith thepercentsof sand,silt, andclay,andthetwo-day
dryingwith thesaturatedhydraulicconductivity.

Vegetationeffects. Basedon ourcurrentwork,oneof our researchplansfor thecomingtwo years
is to improvesoil moistureretrievalalgorithmswith thegoalof removingvegetationeffects. This
includesthefollowing steps:

(i) We will extend the IEM term beyond the Small Perturbationapproximation. With the
applicationof neuralnetworks,wehopeit will improvetheestimationof moisturefor sparseand
shortvegetatedsurfaces.A secondapproachwill beto applyaRayleighmodelto accountfor the
attenuationeffect of sparseandshortvegetationwhengeneratinga trainingdatasetfor a neural
network.

(ii) For denseandtall cropssuchascornandfully grownwinter wheat,the interactionsbetween
thegroundsurfaceandthe canopyshouldbeaccountedfor whenproviding atrainingdatasetto
theneuralnetwork;existingvegetationscatteringmodelswill bemodifiedfor thispurpose.

(iii) A comparisonof truck radarandSIR-Cresultsat C-bandwith radardatafromERS-1overthe
Little Washitaareaon4/12/94(wetday)and4/15/94(dryday)will beexaminedalongwith theL-
bandresponseto quantifyvegetationeffectsthroughamultifrequencyapproach.

(iv) Thetruck radar datawill beusedto extenda vegetationscatteringmodel to winter wheat
canopiesin order to quantify vegetationeffectsin a soil moistureretrievalprocedureutilizing
ESTARbrightnesstemperaturedata.

Aircraft experiments. There are plans being developed to add a significant soil moisture
componentto the intensive field campaignsfor the GCIP program. The emphasisof these
campaignswill be thespatialvariability of soil moisturewithin a mesoscalegrid cell (40km) and
theregionalvariabilitybetweengridcells(1000km).
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Climate Change and Neotectonic History of Northwestern China

OBJECTIVES

To compare the types, rates, and magnitudes of surficial modification processes that have operated
in NW China and the SW U.S.

To quantify and understand the basis of the remote sensing signatures of these processes to allow
extrapolation from field sites to regional maps and to allow comparisons between widely separated
arid regions.

To use the resulting chronologies to help def'me the temporal and spatial distribution of continental
climate changes.

Determine the ages of movements on some of the active faults in NW China.

PROGRESS

Extensive SIR-C/X-SAR coverage was obtained with the two flights of SRL. Approximately 30
swaths were obtained that nearly mosaic to cover a large percentage of the region of northwestern
Tibet, the Kun Lun Mountains, and southwestern Tarim Basin. This region contains many
examples of landforms produced by past climate changes that have not been buried by the
extensive loess deposits more common to the east. The region is also host to large faults, similar to
California's San Andreas strike-slip fault and the blind thrust faults of Los Angeles Basin. From
the NW China swaths, approximately 25 SIR-C and 40 X-SAR scenes have been processed, of
which about 10 have been analyzed in depth for a just-completed field trip.

Other data sets have also been used in this investigation: Landsat MSS images provided synoptic
coverage; SPOT images geocoded by Eric Fielding provided valuable high-resolution coverage of
the main site; ERS- 1 image coverage of the test sites has proved useful for regional coverage; both
SIR-C and ERS-1 interferometric pairs were processed by Eric Fielding to produce DEMs of the
main test site. The DEMs will be important for studies of the alluvial fans and their fault offsets and
potentially lake shorelines.

An important step in the investigation was accomplished in August: A one-month field expedition.
Participating were Farr, Evans, Chadwick, Peltzer, Doug Clark (a graduate student of Alan
Gillespie's), and Rick Ryerson (specializing in cosmogenic dating techniques at Lawrence
Livermore National Laboratories (LLNL). The Chinese fielded a team of five from the Institute for

Remote Sensing Applications (IRSA), including Dr. Guo Huadong (the director) and four other
scientists that were interested in paleoclimatology and neotectonics.

Objectives for the field work included: relative dating of fan surfaces, terraces, and moraines;

collection of samples for soil descriptions, and for thermoluminescence, cosmogenic nuclide, and
carbon dating; mapping and correlation of fan units, terraces, moraines, cirques; measurement of
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fault offsetsof fans,terraces,andmoraines;collectionof GCPfor stereoSPOTandINSAR data
reduction.

Four main siteswere targeted:1) Hotien Faults. Sameareaasvisited by Farr, Evans,Peltzer,
Avouac(AvouacandPeltzer,1993).Eastof Hotien,betweenLop andQira.Interestwasin normal
faults andterraces.2) YechengFolds.Along road between Hotien and Yecheng. Main interests
were folds in gravel beds, road and stream cuts, and terraces. 3) Karakax Valley in Kun Lun
Mountains. Main interests were in glacier moraines, alluvial fans on sides of valley, and terraces in
larger side valleys. 4) Aksayqin Basin. Area around Aksayqin Hu and from Karakax Valley road
to Lung Mu Co, and to Gozha Co, including up to the large ice cap north of Gozha Co. Main
interests were alluvial fans on edges of basin, shorelines around lakes, volcanic deposits, and
glaciers coming off the ice cap.

All four of the sites were visited, with most of the field time spent in the Karakax Valley. Sites one
and two proved less amenable to remote sensing investigations because of the thickness of loess

covering the surfaces. However, interesting observations relative to the folding and faulting of
young gravels at the front of the Kun Lun were made, and samples were collected that may allow
dating of the deformation. Activities in the Karakax Valley centered on mapping of moraines to
constrain the glacial history and detailed mapping and sampling of several alluvial fans. Salt

weathering is a much more important process in this area than was realized, however, sampling
strategies to minimize its impact on the dating of the fans and moraines were devised in the field.

The visit to the Aksayqin Basin, at over 5000 m, was in a reconnaissance mode, to gather
information on the moraines and shorelines for potential future study. The glacial history appears
to be consistent with that for the Karakax Valley. The shorelines were spectacular, and it is
probable that with some good DEMs from SIR-C and ERS- 1 a study of the lake history of the area
would yield useful results. One of the Chinese scientists along on the trip may be interested in
pursuing this topic.

Approximately 250 kg of samples were collected and shipped back to the U.S. for analysis of soil
formation processes and for dating of the surfaces using thermoluminescence and the relatively
new technique of cosmogenic nuclide measurement. The latter technique makes use of the fact that
various isotopes (e.g., Bel0, Al26, He3, C136) build up in the surface layers of rocks exposed to
cosmic rays. The production rates for these nuclides are relatively well known, so the amount of a
given nuclide can be used to calculate the duration of exposure. The technique has been used for
several years, and has proved to be fairly reliable, if geologic conditions are adequately accounted
for.

In addition to my main investigation, I have supported two Associate Investigators: Dr. Guo
Huadong's investigation of the use of radar remote sensing at several test sites in China, and the
archaeological investigations of China's Silk Road by How-Man Wong and Derrold Holcomb. My
major activities with Dr. Guo have been to advise on coverage and parameter options for his sites.
For the Silk Road investigations, I have helped plan coverage, ordered processed scenes, and
analyzed the data.

SIGNIFICANT RESULTS

Using the remote sensing data, it was predicted that the processes acting in the Karakax Valley
were different from those in the SW U.S. Specifically, it appeared that loess deposition was the
dominant process, making the area more similar to central Nevada than to Death Valley. The field
work just completed added to this interpretation, finding that salt weathering was also important,
preventing the formation of thick coatings of desert varnish.
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Anotherresultof thefield workwill beat leastthreepressreleases:Onthefaulting andfolding in
theTarimBasin,theglaciersof theAksayqinBasin,andremotesensingof theoasesalongtheSilk
Road.

FUTUREPLANS

The major emphasesfor the next two yearswill be on 1) determinationof remote sensing
signaturesof surfaces,2) sampleanalysesfor datingthesurfaces,and3) topographicanalysesof
faultsandfans.Most of theradardataarealreadyin hand;fewadditionalSIR-CorX-SAR scenes
will likely be requested.Additional imagesfrom othersensorsareneeded,however. Additional
SPOTscenesareneeded,for their highresolution,to help in mappingsomeof the landforms,and
LandsatTM dataareneededto add the multispectral,visible near-infraredchannelswhich are
sensitiveto soil formationand desertvarnishdevelopment.Theseadditionaldatasetswill allow
mappingand correlationof fan units over the entire valley aswell asbetter,morequantitative
comparisonswith theSW U.S.

Sampleanalyseswill require significant funding over the next fiscal year. A cooperative
arrangementhasbeenreachedbetweenAlan GillespieattheUniversityof Washington(UW), Rick
RyersonatLawrenceLivermoreNationalLaboratories(LLNL), andmyself for sharingthecosts
of cosmogenicdatingof thesamples.If thedatingworksaswe hope,significantprogresswill be
madein understandingtheglacial chronologyandlandscapeevolutionin this partof the world.
This will feedinto ongoingstudiesof lakes,glaciers,icecaps,rivers,andoasesbeingpursuedby
avarietyof researchers.Successfuldatingof thesesurfaceswill proveamajorbreakthrough.

As with theremotesensingpartof the investigations,topographicanalysesrequirelittle additional
data.The PI hasanongoing (unfunded)ERS-1/2investigationwhich will provideany needed
interferometric SAR data. One SIR-C interferometric swath over the areahasalreadybeen
processed,as hasa single ERS-1 pair. Thesedata will be usedwith modelsof alluvial fan
formationto help constraintheuplift andoffsethistoriesof thefansin theKarakaxValley. This
will alsoprovideaway to comparequantitativelyfansin NW Chinawith theSWU.S.

Furtherin thefuture,two new areasof studymaydevelop:Monitoring theevolutionof oases,and
Determinationof paleolakeshorelineelevations.Field observationsindicatethattheoasesof the
southernTaklamakanDesertenjoyamarginalexistence.Extremevigilanceis necessaryto protect
theoasesfrom erosionby desertificationandmovingdunes.Thepasthistory of theSilk Roadis
further proof that the area is susceptibleto climatic shifts. Radar and other remotesensing
techniquesmay be usedto monitor the healthof theoasesandto searchfor changesin the land
broughtaboutby climatechanges.This will beexploredusinghistoricalremotesensingdatasets.
A graduatestudentatCaltechis currentlyinterestedin thisproject.

As discussedearlier, thenew DEMs producedby interferometricSARprovidedatathatmay be
usedto mapaccuratelyshorelinelevelsfrom pastlakesin westemTibet. Accuratemapsmaybe
usedto deduceclimate changesthroughwater-balancemodels,andto observetectonic tilts, if
present.Scientistsat IRSA are interestedin this project,which could becombinedwith results
from recentFrenchexpeditionsto thearea.

Finally, asthis projectwindsdown,aneffort will bemadeto archiveall theremotesensing,field,
andlaboratoryresultsonto oneor morerecordableCD-ROMsso thatfuture researcherswill be
ableto reconstructtheseimportantdatasets.
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Reconstruction of the Mesoscale Velocity Shear Seaward of Coastal Upwelling Regions from the
Refraction of the Surface Wave Field

OBJECTIVES

The objective of this project is to study fronts that develop at the boundary between cold water
recently upwelled to the surface through Ekman divergence, and warmer surrounding waters. This
specific objective was suggested by studying the small scale structure of upwelling fronts (coastal,
island, and equatorial) through shipboard surveys and infrared satellite images.

Constraints on the shuttle equator crossing imposed by other land sites precluded a coverage of the
area targeted in the initial SIR-C proposal, the California Current. The site was then relocated to

the Equatorial Pacific upwelling tongue, that can be satisfactorily imaged for a wide range of
longitudes of the equator crossing.

Some limited data was nevertheless obtained over coastal upwelling off Califomia in 1989, using
the JPL AIRSAR in multifrequency mode, and over island upwelling off Hawaii in 1990, using
the radar in along-track interferometric mode.

Aircraft Work

Coastal Upwelling

In summertime, the California Current is characterized by intense jets carrying cold water from
near shore upweUing towards offshore; they appear as cold filaments in satellite infrared images of
sea surface temperature. These jets are delimited by sharp thermal and velocity fronts, which are
often convergent, and are subject to small-scale instabilities.

In previous shipboard surveys, clusters of surface drifters were deployed to measure the horizontal

velocity gradient across these filaments. In the anticyclonic region, the flow was generally
nondivergent with a shear of-0.3 f, but at the cyclonic front, the flow was discontinuous at the
1 km resolution of the clusters, with a shear larger than 4.5 f, associated with a cross-frontal

surface convergence larger than 0.7 f, visible as a -20 m-wide accumulation of debris of seaweed,
and sometime variations of surface roughness.

A complete SAR survey of the filament rooted near Point Arena (northern California) was acquired
on 8 September 1989, using infrared images from the NOAA satellites to guide the aircraft to
features of interest. The radar was illuminating the ocean at C-, L- and P-bands, and was operated
in polarimetric mode, including horizontal, vertical, and cross-polarization at each wavelength.

At all frequencies, the signatures of the thermal fronts appeared as bright delineations in the radar
images, presumably made visible where waves were undergoing refraction by the current shear,
resulting in increased amplitude. Several dark delineations, often parallel to the front, were also

observed, possibly corresponding to internal waves radiating away from the front, made visible by
biological films concentrated along convergence zones, thus reducing the amplitude of Bragg-
scattering waves.
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IslandUpwelling

TheHawaiianIslandspresentobstaclesto thenortheasterlytradewinds,creatingcalmregionsin
the lee.Sharphorizontalshearlinesusuallyseparatethe 10-15m/stradesfrom thecalmregions.
Theseshearlinesextendseveralislandradii downwind.

Thevariationsof wind stressalongthecyclonicshearline to thenorthwestof theIslandof Hawaii,
andtheresponseof theocean,werestudiedin August1990includingalong-trackinterferometryin
the L-band.Concurrentdatawereobtainedfrom ashipusingatowedundulatingCTD (SeaSoar),
an acousticDoppler current profiler and satellite-trackeddrifting buoys,and from the NCAR
Electrameteorologicalaircraftconductingboundarylayerfrights. Infraredimagesfrom theNOAA
satellites,and 10-mresolutionsunglint imagesfrom theSPOTsatellitewerealsoavailable.

Backscatterintensitiesin theL- andC-bandwerestronglymodulatedby thevariationsof surface
wind stress,andshowedthat the cyclonic shearline wasjust a few tens-of-meterswide, much
narrowerthan the -2 krn heightof the planetaryboundarylayer. Therewasa strong gradient
coincidingwith theshearline in thealong-trackphaseimage,suggestingdownwindsurfaceflow
in the tradewind regime,and aslight flow towardsshorein the calm lee; howeverthis phase
variationdid notcorrespondto detectablesurfacecurrentvariationsin theacousticDopplercurrent
meterdata.Thecorrelationimageshowedhighcorrelationin thelee,andmuchsmallercorrelation
in thetradewind regime,wherewhitecappingwasfrequent.

Two effectsof thesewind stressvariationson the upperoceanwereobservedduring the ship
survey. One-dimensionally,themixed-layerdepthwasmodulatedby thewind stress:outsidethe
calmregion,adeepmixed layerwasobserved,whereasin thecalmregion,themechanicalenergy
providedby the wind wasnot sufficient to erodethe2-4 m warm buoyantlayer resultingfrom
solarheating.Intensediurnal warmingwasobservedat thesurfaceanda thermalfront coincided
with theshearline observedin theSARimages. Two-dimensionally,thecurl of thewind stress
along thecyclonic shearline inducedupwardEkmanpumping,spinningup a strongcyclonic
eddy.

ShuttleRadarwork

The surfacefront separatingcold equatorialwater from warmertropical waterat 2-7N in the
CentralPacific wasstudiedtwice for one weekin April andOctober1994betweenl15W and
155Wby the shuttlesyntheticapertureradarimaging in L-, C- andX-bands,with supporting
NOAA satellitesinfraredimages.

During the Octoberflight (the peakof the equatorial upwelling season), zonal linear features of
enhanced backscatter intensity were observed at all wavelengths, and corresponded closely to the
thermal front seen in the infrared images. On some data takes, several linear features were found at

different latitudes, suggesting that the front may not have been unique. The motion of the front
estimated from successive daily images was consistent with the westward propagation found by
previous studies. In contrast, no fronts were observed in the images taken during the April flight,
which were dominated by the surface signature of rain cells.

The front was also visible as brightness changes in AVHRR images of the sun glint, and
photographs of the glint taken from the Space Shuttle show the equatorial front as a quasi-linear
feature, often darker than surrounding water.

These observations are consistent with in situ fR data collected during the Tropical Instability
Wave Experiment in 1992 and 1995, which indicated that the temperature front was 1.2 deg C over
1 km or less, and was confined to the -100-m-thick mixed layer. Fine-structure was observed,
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suggestingnorthwardsubductionof cold, high salinity equatorialwater, beneathwarmer less
salineITCZ water. A 40km drifter arraydeployedon thecold sideof thefront becamealigned
with thefront in lessthanthreedays. Thevelocity averagedoverfive frontal crossingsshoweda
10km-wide westwardjet of 90 cm/sanda cross-frontalconvergenceof 15cm/s,bothconfined
abovethethermocline.

During thesecruises,white cappingwas frequentlyenhancedovera band-100 m wide near the

front, presumably due to surface wave refraction by the velocity gradient. Presumably, the linear
features observed in the SAR images correspond to these bands of enhanced wave breaking.

PROGRESS

Preliminary results on both the AIRSAR and SIR-C/X-SAR work have been presented at
IGARSS-95. Seminars have been given at NATO/SACLANT in June 1995, at DLR in July 1995,
and at WHOI in February 1990.

We are now at the phase of completing the data requests:

- 95% of the 1989 AIRSAR data have been delivered

- 20% of the 1990 AIRSAR data have been delivered (this has been delayed by R. Carande's
departure)

- approximately 75% of the X-SAR data and 45% of the SIR-C data have been received.

All ancillary in-situ data have been processed. AVHRR data for the Shuttle Radar missions will be
processed during Fall 1995.

Final scientific analysis and preparation of publications will take place in 1996 - 1997. We
anticipate four or five refereed publications to result from this work:

- "A Synthetic Aperture Radar survey of an upweUing filament," to be submitted to the
Journal of Geophysical Research in Spring 1996 by Flament, Holt and Bernstein);

"Along-track interferometric radar mapping of an Ekman divergence line," to be
submitted to the Journal of Geophysical Research (pending delivery of the
data by JPL) by Flament, Sawyer, and Carande.

- "SIR-C / X-SAR views the Equatorial Front," short report to be submitted to
Science, by Flament, Runge, Sawyer and Holt in Winter 1996.

"Synthetic Aperture Radar mapping of the Pacific subequatorial convergence," by
Flament, Sawyer, Holt, to be submitted to Journal of Geophysical Research in Winter
1997.

- "Multifrequency SAR imaging of rain cells and associated surface processes in the
Intertropical Convergence Zone," (tentative).
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Multifrequency, Multipolarization External Calibration of the SIR-C/X-SAR Radars

OBJECTIVES

Assess the accuracy at which the SIR-C/X-SAR standard data products can be calibrated through
the use of ground calibrators to estimate the end-to-end system polarization calibration constants
(or distortion parameters) and incorporate the constants into the data processing.

Study the cross-calibration between three multipolarization systems: SIR-C, the National
Aeronautics and Space Administration/Jet Propulsion Laboratory (NASA/JPL) DC-8 SAR, and the
University of Michigan ground-based polarimetric scatterometer.

Evaluate the calibration "stability" of SIR-C/X-SAR (measured by variations in the calibration
constants) over the range swath width and over a specified distance in azimuth. Variations over a
12-hour period (between ascending and descending passes) will also be studied.

Develop a cost-effective calibration plan including development of inexpensive polarimetric active
calibrators.

PROGRESS

JPL - during the two SIR-C missions, ground calibration equipment was deployed at the Death
Valley supersite. Equipment included over 30 comer reflectors, six transponders and ground-based
receivers. The transponders included two single antenna polarimetric active radar calibrator

(SAPARC) devices developed by our co-investigator team at the U. of Michigan. The Principal
Investigator's (PI's) team also participated in deployment of comer reflectors at the Manaus, Brazil

supersite. In a collaborative effort with a team from the Institute of Navigation of the University of
Stuttgart, high-precision transponders and ground receivers, similar to those at the DLR
Oberpfaffenhofen test site, were deployed at the Chickasha, Oklahoma supersite. Comer reflectors
and instructions/guidelines for their deployment were also distributed to PI's at several other
supersites.

During the SIR-C missions, information on the location and configuration of the calibration
devices deployed at participating supersites was relayed by PI's back to JPL. These data were
used to 'manually' calibrate SIR-C data products during the actual missions. Calibrated SIR-C data

were then passed on to the "real-time" science team, to be processed into geophysical products
such as soil moisture, biomass and land cover maps.

Thus far, over 50 SIR-C scenes have been processed and analyzed which contain comer reflectors

or other calibration devices, or which represent suitably uniform scenes to verify the SIR-C
antenna patterns.

Working in collaboration with B. van den Broek of FEL-TNO of the Netherlands, an algorithm
which fits a simple set of scattering models to SIR-C data has been applied to data from the
Flevoland supersite and the Manaus supersite. The results of the model fit have been used as the
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basisof an unsupervised classifier which divides SIR-C data up into several different land use
categories.

The University of Michigan team were involved in a calibration campaign in the Raco Calibration
Supersite. In each calibration campaign an array of point calibration targets including trihedral
comer reflectors and polarimetric active radar calibrators (PARCs) were deployed. For this project
two types of calibration targets for imaging radars were invented: (1) single antenna polarimetric
active radar calibrator (SAPARC), and (2) self-illuminating optimum comer reflector. In addition
to the deployment of point calibration targets, polarimetric backscatter measurements of distributed
targets were collected using L-, C-, and X-band polarimetric, truck-mounted, scatterometer

systems during the SIR-C flights. The scatterometers were calibrated against a precision metallic
sphere and measured 100 independent spatial samples for characterizing the differential Mueller
matrix of distributed targets to achieve the desired calibration accuracy. The measured Mueller
matrices of the distributed targets are intended to be compared with those derived from SIR-C
images. Two different calibration methods, one based on the application of point targets and the
other based on the application of the distributed targets, are considered for calibration of the SIR-C
data. So far, some encouraging preliminary results for two C-band images of the first mission have
been obtained.

FUTURE PLANS

Summary and research plans for the next two years, including anticipated new data requests and
new publications.

JPL - Radiometric calibration results and uncertainties for SIR-C data so far have been assessed
from comer reflector signatures, which have inherent uncertainties of their own. We intend to

revise our estimates of the SIR-C radiometric calibration performance by examining signatures of
transponders and tropical rain forest areas, which should have smaller variations. The results will
be published as a communication in a refereed journal.

A study has begun in collaboration with Dr. Francesco Holecz of the University of Zurich
(currently seconded to JPL) to study the radiometric calibration errors in SIR-C data over areas

with significant relief. The study involves registration of SIR-C data with a high-resolution DEM,
correction for the 'true' incidence angle and elevation angle, and the comparison of fully corrected
backscatter values with the original SIR-C data. It is also intended to study the radiometric errors
caused by using a lower-resolution DEM to correct the data. The results of this aspect of the study
will have implications for SRL-3 data, should that mission be manifested. The results of our

collaboration with Dr. Holecz will be published in a refereed journal paper or papers.

In collaboration with Dr. van den Broek, we will continue to develop the model-fitting approach to
understanding polarimetric SAR data from SIR-C and AIRSAR. We intend to pursue an avenue of
adaptive model-fitting, in which for example, areas which are clearly dominated by surface scatter
will be subjected to higher-order surface scatter models, areas which are clearly forested will be
subjected to higher-order forest scatter models, and so on. This will probably involve a two-layer
approach, in which the L- and C-band SIR-C data is used in an initial classification, followed by a
higher-order model fit to give better estimates of surface properties. This will then be applied to
SIR-C data from several different sites around the world. The result will be a generalized model-
fit/simple classification software package and a refereed journal paper describing the approach,
which should be applicable to any L- and C-band SIR-C data set.

The University of Michigan team will process the backscatter data collected with the truck-mounted

scatterometer and compare with measurements extracted from calibrated SIR-C and X-SAR

products. All the SIR-C and X-SAR data available over the Raco supersite will be orthorectified
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usingamodifiedversionof asoftwarepackagedevelopedbyVexcelCorporation.This will make
exact identification of the sites measured by the scatterometer much simpler, and lead to improved
comparison data. The University of Michigan team will also study the effects of applying different
calibration algorithms to the SIR-C data. The output of this analysis will be used to refine our
estimates of calibration uncertainties in SIR-C/X-SAR data. The University of Michigan team will
also construct and test a prototype of a "next-generation" corner reflector they have designed. The
results of the University of Michigan team's investigations will be published as a series of refereed
journal papers.

PUBLICATIONS

Freeman, A., Cruz, J., Alves, M., Chapman, B., S. Shaffer and Turner, E., SIR-C Data Quality
and Calibration Results, IEEE Trans. Geosci. Remote Sensing, vol. 33, no.
4, July 1995.

Sarabandi, K., L. Pierce, M. C. Dobson, F. T. Ulaby, J. Stiles, T. C., Chiu, R. De Roo, R.
Hartikka, A. Zambetti, and A. Freeman, Polarimetric calibration of SIR-C using point and
distributed targets, IEEE Trans. Geosci. Remote Sensing, vol. 33, no. 4, July 1995.

Sarabandi, K., and T. C. Chiu, An optimum corner reflector for calibration of imaging radars,
IEEE Trans. Antennas Propagation, submitted for publication (Feb. 1995).

Freeman, A. and Durden, S., Fitting simple scattering models to polarimetric SAR data, in
preparation.

Freeman, A., Cruz, J., Chapman, B., Alves, M., Turner, E. and Shaffer, S., Calibration of SIR-

C data products, Proc. IGARSS '95, Florence, Italy, pp. 1585-1587, July 1995.

Holecz, F., Freeman, A. and van Zyl, J. J., Topographic effects on the antenna gain pattern
correction, Proc. IGARSS '95, Florence, Italy, pp. 587-589, July 1995.

Freeman, A. and van den Broek, B., Mapping vegetation types using SIR-C data, Proc. IGARSS
'95, Florence, Italy, pp. 921-923, July 1995.

van den Broek, B., Davidson, M. and Freeman, A., Vegetation and soil characteristics in SIR-C
data, Proc. IGARSS '95, Florence, Italy, pp. 1064-1066, July 1995.

Daida, J., Freeman, A. and Onstott, B., Evaluation of a hybrid symbiotic system on segmenting
SAR imagery, Proc. IGARSS '95, Florence, Italy, pp. 1415-1417, July 1995.

Freeman, A., Cruz, J., Alves, M., Chapman, B., S. Shaffer and Turner, E., SIR-C Calibration
Results, in Proc. IGARSS '94, Pasadena, California, August 1994.
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Alluvial Fan Evolution in the Western Great Basin

OBJECTIVES

Describe systematic morphologic changes with surface age in terms of multiparameter radar
backscatter for dated chronosequences on alluvial fans at one or two sites in the Western Great
Basin. Compare these changes to chemical weathering patterns observed for the same fans using
visible/near-infrared (VNIR) and thermal infrared (TIR) images.

Construct a depositional and weathering history for the studied alluvial fans based on SAR, other
images, and field investigations; use this to constrain paleoclimatic interpretations for the Great
Basin. Use project as prototype for paleoclimate study of entire Great Basin or other geomorphic
provinces, where multiparameter SAR data can be acquired regionally.

Test the application of spectral mixing analysis on multiparameter SAR images of alluvial fans in
arid and semiarid regions. Define radar endmembers (from the spectral mixing analysis)
physically, in terms of Bragg scattering, volume scattering, specular and corner reflectors,
dielectric constant, etc. Develop and test mixing models for comparative analysis of images
spanning multiple spectral regions.

PROGRESS

Summary of Activities Since February 1995

Organized field trip and field workshop in Death Valley, California. This was attended by
members of various science teams.

Made combined measurements of roughness, close-up VNIR multispectral images, and field
spectrometer data in Death Valley, designed to test joint SAR/VNIR analysis of roughness.

Fifty low altitude (1:1000 scale) aerial photographs obtained over alluvial fans in the Stovepipe
Wells area of Death Valley.

Roughness estimates obtained at two spatial scales using stereo photography: The subcentimeter to

meter scale, and the 10's cm to 10's meters scale. Available roughness spectra now span four
orders of magnitude in length scale at ten sites in Death Valley.

Developed and installed software designed to simulate natural rough surfaces and to calculate the
radar backscatter from them. The solutions use complete solutions of Maxwell's equations. This
software complements our currently available radiosity models which calculate VNIR reflectance
for the same rough surfaces, including the effects of multiple scattering interactions.

Collected samples from alluvial fan surfaces of various ages in Death Valley. In conjunction with
LLNL we will be dating the ages of the surfaces.
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Currently participating in field work in Chinawith SIR-C PI Tom Farr,where similar sample
collectionsfor datingwill bemade.

RequestedandobtainednumerousSIR-CscenesoverDeathValley, oneoverOwensValley, two
over the AmazonBasin, andoneoverHawaii. Requestedand obtaineda numberof AIRSAR
images from Death Valley and Owens Valley.

Exchanged roughness/dielectric models, results, and information with Pascale Dubois at JPL, and
J.C. Shi at UC Santa Barbara.

Presentation made at Spring AGU in Baltimore.

Negotiations with Bruce Jakosky on submission of three papers to SIR-C special of JGR planets,
including visit of Bruce Jakosky to our laboratory.

Two manuscripts are in preparation for JGR Planets special issue. Deadline for submission,
October 1995.

We will be presenting invited talks at the IEEE conference in Toulouse, France on "Retrieval of
bio- and geophysical parameters from SAR data for land applications". We have also been invited
to present a talk at the AIRSAR workshop at the University of New South Wales, Australia in
November 1995.

Requested and obtained day/night flights of the C130 aircraft to collect TIMS, NS-001 data and
color IR photography over Death Valley and Owens Valley.

We have made considerable progress towards our goal of using SAR images to recover roughness
and moisture information for desert chronosequences. We have begun to understand what
parameters of surface roughness description are important in controlling radar backscatter, and
hence how we might expect to be able to invert SAR data for roughness information. Admittedly,
some of our progress has consisted of discovering and documenting unanticipated, but inherent
complexities. We have, however, shown that joint analysis of VNIR and SAR images is feasible
and improves quantitative roughness recovery. We have explored the possibility of ground water
correction using g-ray data and we have explored the use of apparent thermal inertia to correct

desert scenes for dielectric changes other than those due to soil moisture. We have collected a large
quantity of field data in Death Valley, Owens Valley, Hawaii, China and Australia for the purposes
of documenting roughness, dielectric, spectral characteristics, and age of surfaces.

SIGNIFICANT RESULTS

Since February, we have advanced our efforts to evaluate the techniques of determination of

surface roughness from SAR data and VNIR data. Our interest is in the joint use of data types as
well as their separate use. In addition, within the last month, day/night pair TIMS data, as well as

NS-001, have been taken over Death Valley and Owens Valley at our request (C130 flights). We
will be examining the joint use of TIMS and SAR in determination of the ground dielectric constant
by taking advantage of a physical relationship between thermal inertia and dielectric constant. The

availability of these data mean that we will be able to bring three independent data types to bear on
the problem of remote determination of roughness and dielectric constant. We are particularly
interested in the use of FIR filters, a generalization of the linear mixing approach, for analysis of
these combinations and types of data. Our field measurements (Figure 1) and the semi-empirical
models of Dubois et al., and J. C. Shi, will be used to test our approach and we will also be
evaluating the success of these models. In the Winter of 94/95 we commissioned low altitude

stereo aerial photographs to be taken over Death Valley alluvial fans at a scale of 1:1000 (Figure 1).
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We now have roughnessresults from thesephotographswhich overlap in spatial scalewith
roughnessdeterminationsmadeon thegroundusingclose-upstereophotography(Figure2). Data
delineatingroughnesson thealluvial fans,andcoveringfour ordersof magnitudeof spatialscale,
now exist for tensitesin theStovepipeWells area(Figures1& 2). Thesemeasurementsareto be
usedin evaluatingthe successof inversionsof SAR, VNIR andTIMS data for dielectric and
roughness. Close-up stereophotographshave also beenobtainedat eight sites in the Owens
Valley andtwenty siteson the flanks of KilaueaVolcanoon the Island of Hawaii. Roughness
determinationswill soonbeavailablefrom thesesites.

Collectionsof rock sampleshavebeenmadefor datingpurposesat sitesin DeathValley: - we
proposeto datetheexposureof fan surfacesusingcosmogenicBel0 techniques(Biermanet al.,
in press)andaredoing this in conjunctionwith LLNL. Thepurposeof thesemeasurementsis to
establishtheconnectionbetweensurfaceageandroughnessonalluvial fansandthusto facilitate
the useof SAR data to map relativeage of alluvial fanson a regional scale.We arecurrently
participating in field work in Chinawith Tom Farr andwill againbeprocessingsamplesfor the
datingof fansurfacesin theKunlunareafor whichSIR-Cdatahasbeenobtained.

In ordertoprovideatheoretical/modelingbasisfor theindividualandjoint useof differenttypesof
datawehavestartedrunningbackscattersimulationsonourDecalphacomputers.Roughsurfaces
with the characteristicsof field measuredsurfacesaresimulatedandthe backscattercalculated
using a completesolutionof Maxwelrs equations(Figure 3a). We now alsohavethe ability to
calculatetheVNIR reflectanceof thesesamesurfacesusingaradiositymodelto takeinto account
mu!ti.plescatteringinteractions(Figure 3b). The radiosity model is also usedto simulateIR
emission. We can thusexaminetheresponseof surfacesof varying roughnessat VNIR, IR, and
radar wavelengths,andunderdiffering illumination andviewing geometry's. Our preliminary
backscattersimulationshaveshownthat theparametersof surfacepower spectrum(slopeand
offset) areinadequateandthatthephaseinformationcontainedin theFourierTransformis perhaps
more important (Figure 3a). This meansthat inversionsof SAR data for slope and offset of
surfacepower spectraarehighly nonuniqueunlessa third parameter,describingthe degreeof
correlation of the phaseof the surface,is introduced. This phasecomponentreally definesthe
shapesof elementsof thesurface(for example,thecobbleson alluvial fans in DeathValley) and
theseelementsare thescatteringelementsof thesurface.Whatmightbe requiredis thataninitial
assumption,basedon field knowledge,definesthe type of surface(shape/phasecharacteristic)
afterwhich arelationbetweenslopeandoffsetfor thattypeof surfacecanbeused.

FUTURE PLANS

We will beextendingtheeffortsdescribedabove. This will involve further developmentof the
integrationandjoint analysisof SAR,VNIR, andIR datato determineroughnessparametersand
dielectric constant. With regardto radarbackscatterandsurfaceroughnesswewill examinethe
responseof radarto importantaspectsof realsurfacesthat havehither to beenignored. We will
examine the ability to invert SAR data for theseand other parameters. We will expandour
simulationandmodelingeffort to include 2-D (surface)backscattercalculationsto bemadeona
super computer in Hawaii. We will be working with SIR-C, AIRSAR, TIMS, NS-001, and
LandsatTM datain varioussettingsin DeathValley, OwensValley, Hawaii,AustraliaandChina.
Theseregionswill beusedto testtheapplicationswe develop. We will determineagedateson
many geologicsurfacesof interestin DeathValley, OwensValley, andChinaand hencebetter
determinetherelationshipbetweenageandbackscatterin theseregions.We anticipateaminimum
of threepublicationsandthreeabstractsperyearfor thenext twoyears.
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PUBLICATIONS

SincetheFebruaryscienceteammeetingwehavepresentedaposterat theSpringAGU meetingin
Baltimore. In addition,wehavebeeninvitedto givepresentationsattheIEEEmeetingin Toulouse
(October)andthe AIRSAR workshopin Sydney, Australia in November1995. An additional,
relatedabstracton roughnessandVNIR reflectancewill begivenat theERIM conferencein Las
Vegasin February.
We have been in close correspondencewith Bruce Jakosky (editor of JGR Planets)on the
organizationandtimetablefor the SIR-C specialissuein JGR Planets. Preliminary titles for
submissionto thatspecialissueare:

(a) "Simulationsof radarandVNIR scatteringfrom roughsurfaces:A basis
forjoint analysis".

(b) "Theuseof adaptivefilters in thejoint analysisof SARandVNIR
datafor retrievalof geophysicalparameters".

A laterpaper,to besubmittedthisyearwill beon theapplicationof adaptivefilters to roughness
determinationsonalluvial fansin theWesternUSA andChinaandthedatingof chronosequences.
This paperwould be submittedto the proposedSIR-C specialissueof RemoteSensingof the
Environment.
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Figure 2
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Power spectra of surface roughness in Death Valley. Spectra

are taken from height profiles made from stereo photographs.

Those spectra labelled '.air' are taken from aerial photographs

while those labelled '.gnd' are taken from close-up ground

photographs.
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Differential Radar Interferometry

OBJECTIVES

Test differential radar interferometry as a new monitoring technique for remote sensing of a forest
site, a farm site, and a desert site.

Generate topographic maps of test sites from radar data.

PROGRESS

Fort Irwin Site

We have acquired L- and C-band, single look, complex images of the Fort Irwin area on three

successive days of the second SIR-C flight. The repeat-pass navigation was superb, resulting in
interferometer baselines with perpendicular components of 66 m and 28 m.

The C-band interferogram enabled us to produce a digital elevation map accurate to better than 8 m
rms when compared to a careful survey of the area. Most of this error was caused by turbulent
mixing of water vapor in the atmosphere. The presence of the water vapor was revealed by small
inconsistencies in the two interferograms, which were afforded by the three SIR-C passes.

The rms, one-way time delay of the atmospheric turbulence was found to be 0.24 cm. Identical
results were found from the L-band data set.

A paper describing these results has been accepted for publication in Geophysical Research Letters.

Gulf Stream Site

The first and third leaf of the SIR-C C-band antenna were connected to separate receivers in a
mode which enabled front-back interferometry. The shortness of the baseline (4 m)
notwithstanding, interferograms of the gulf stream area were able to image the stream boundary
directly. The boundary is seen as a change in the line-of-sight velocity.

Preliminary results of this effort were presented at the IGARSS '95 meeting. A journal article is in
work.

Top of the Orbit Site

Good interferometer fringes have been obtained of the Meade Glacier, along the Canadian-Alaskan
border. The fringes contain information on both the glacier motion and its topography. At this time
we have been able to separate out the part due to motion and to quantify the line-of-sight
component.

We are currently working on the motion-corrected topography.
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FUTURE PLANS

We plan to developour techniqueof glacierstudyusingthree-passradarinterferometrywith the
MeadeGlacierobservationsandwith otherdatasetsalongtheSIR-Crepeattracks.

We planto do thesamewith respectto atmosphericlimitationsto theaccuracyof measuringsmall
displacementsandof measuringtopography.TheFort Irwin datarepresentanextremebecauseof
its desertenvironment. Other areaswill give more representativeobservations,and,perhaps,
strongerlimitations.

Weexpecttheseplansto resultin severalmorejournal articles.
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Development of a Technique to Relate Eolian Roughness to Radar Backscatter Using
Multiparameter SIR-C Date

OBJECTIVES

To develop a technique to obtain values of aeolian roughness for geologic surfaces from values of
surface roughness determined from calibrated L- and C-band, like- and cross-polarized, multiple
incidence angle radar data from SIR-C.

To define the optimal combination of radar parameters from which aeolian roughness can be
derived.

To gain an understanding of the physical processes behind the empirical relationship.

PROGRESS

Field work in preparation for SRL - two sites in Death Valley were instrumented with
micrometeorology masts in preparation for the SRL missions. Field work was also conducted

with JPL's calibration team to select appropriate sites for comer reflectors, transceivers, and
receivers.

During the first SRL flight, field work was carried out in Death Valley combined with an education
outreach program. High school students and teachers from two schools in Arizona assisted with

the field work. The field work included measuring surface roughness by means of electronic
distance meters, laser profilers, and a surface template.

As part of the second flight, field work was conducted at the Lunar dry lake site in Nye county,
Nevada, August 18-20, 1994. A single micrometeorology mast was deployed and field
observations conducted.

Following both flights, several impact crater sites modified by wind activity were identified in the
survey data set. These include the three pretarge[ed sites: Zhamanshin (Kazakhstan), Roter Kamm
(Namibia), and Wolf Creek (Australia).

Additional sites fortuitously imaged include: Oasis structure, Libya; BP structure, Libya; Auronga,
Chad; Amguid, Algeria; Henbury and Spider structures in Australia.
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A workshopwasheld at ASU in March 1995. The three-dayworkshop includedinvestigators
from Iowa StateUniversity, Univ. Calif./Davis,JPL, GSFC,Israel,Denmark,andRussia. The
first daywasdedicatedto discussingprogresson theanalysisof thedatacoveringtheimpactcrater
sites. The seconddaywasdedicatedto discussionon aeolianprocesses,andthe third daywas
devotedto planningfutureworkandpublications.

FUTUREPLANS

b.

Extend testing of the correlation between aerodynamic roughness and radar backscatter to
new areas including desert sites in the Middle East and vegetated sites in Denmark.

Continue experiments in wind tunnels on the role of roughness on the threshold wind
speed and flux of particles.

C° Generate an aerodynamic roughness map from SRL data for a specific region and test the
regional variation.

d. Explore applications of radar-derived aerodynamic roughness to GCMs and sensible heat
flux.

e° Blumberg will be teaching a university class in Radar Remote Sensing at Ben Gurion
University of the Negev, Israel. The class will be using SRL data.

Analysis of data

Our research involves photogeology and quantitative analysis of returned signals (backscatter cross
sections). Hence, our analysis has included the generation of images in print form for several
scenes in Death Valley, Denmark, Israel, and the impact craters named above. We have also

conducted quantitative analysis on several of these scenes. This required writing software and
modifying code provided by JPL. Future work will require further modification of the code to

generate aerodynamic maps, RMS height and dielectric constant maps. Some of this is in progress
and we are at the stage of debugging. In the future we will request more scenes of desert sites in
the Middle East, Mojave, and Africa.

PUBLICATIONS

Blumberg, D. G., J. F. McHone, R. Kuzmin, and R. Greeley, "Radar Imaging of Impact Craters
by SIR-C/X-SAR," Lunar and Planetary Science Conference, XXVI, pp. 139-140.

Blumberg, D. G. and R. Greeley, 1993, "AIRSAR Views of Aeolian Terrain," Summaries of the
Fourth Annual JPL Airborne Geoscience Workshop, pp. 9-12.

Blumberg, D. G. and R. Greeley, 1993, "Field Studies of Aerodynamic Roughness Length,"
Journal of Arid Environments, vol. 25, pp. 39-48.

Blumberg, D. G. and R. Greeley, 1994, "Spaceborne Radar Laboratory-i; Estimates of
Aerodynamic Roughness," Geological Society of America, (in) Remote Sensing: New Results
from SIR-C/X-SAR: Geology from Spaceborne Radar, Seattle, Washington, pp. A128.

Blumberg, D. G. and R. Greeley, 1995, "New Observations of Bolivian Wind Streaks by JPL
Airborne SAR; Preliminary Results," Summaries of the Fifth Anuual JPL Airborne Geoscience
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Workshop, JPL Publication 95-1, vol. 3, pp. 1-4, Jet PropulsionLaboratory, Pasadena,CA.
January23-26, 1995.

Blumberg,D.G. andR. Greeley,1995,"Studyof Aeolian Processesfrom theSpacebomeRadar
Laboratory,"AmericanGeophysicalUnion, Baltimore,(invited paper),EOS, vol. 76, 17, p. 196.

Blumberg, D. G. and R. Greeley, 1995, "Study of Potential Windblown Processes Using SIR-
C/X-SAR: Preliminary Results," IEEE PIERS 95 - Progress In Electromagnetics Research
Symposium, University of Washington, Seattle WA, (invited paper).

Blumberg, D. G., R. Greeley, N. Lancaster, C. Breed, G. Schaber, and J. McCauley, 1995,
"Spaceborne Radar-Imaging of Dune Fields - New Results from the SIR-C/X-SAR Mission,"
Association of American Geographers, Chicago, IL, p. 26.

Greeley R. and D. G. Blumberg, "Preliminary Analysis of Shuttle Radar Laboratory (SRL-1) Data

to study Aeolian Features and Processes," IEEE Transactions on Geoscience and Remote Sensing,
in press.

Greeley, R. , D. G. Blumberg, J. F. McHone, R. Kuzmin, B. Ivanov, J. Garvin, R. Grieve, S.
D. Wall, 1995, "SRL-I: Radar Scenes of Impact Craters," American Geophysical Union,
Baltimore, EOS, Vol. 76, 17, p. 197.

McHone, J. F. , J. R. Underwood, Jr., D. G. Blumberg, R. Greeley, 1995, "Space Shuttle
Radar Images of Terrestrial Impact Structures: SIR-C / X-SAR," Meteoritics '95 (in press).

McHone, J. F., Blumberg, D. G., Greeley, R., Underwood, R., "Orbital Radar Images of Libyan
Impact Structures," Geological Society of America, 1996 (in press).

Xu, P., D. G. Blumberg, and R. Greeley, 1995, "Preliminary Study Of Kelso Dunes Using
A VIRIS, TM, And AIRSAR," Summaries of the Fifth Anuual JPL Airborne Geoscience
Workshop, JPL Publication 95-1, vol. 1, pp. 159-161.

Publications in preparation include three Jour. Geophys. Res. papers (an aeolian paper, an impact
crater paper, and a planetary analog paper). Two papers will probably be submitted to the
centennial meeting of the Egyptian Geologic Survey.
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Multi-ParameterSIR-C/X-SARfor GeoscienceStudyin China

OBJECTIVES

Establishthe backscattermodelsfor thetypical targetsat the landsurfaceandstudy the
penetrationphenomena.

Develop the techniques for multi-frequency and multi-polarization SAR image
processingandspecificgeoscienceinformationextraction.

Studythe geologyandmineralizationbothin arid andsubtropicregions,the archaeology
andothergeoscientificfields with theshuttleimagingradar.

DevelopinterferometricandpolarimetricSAR dataanalysismethodsandevaluatetheir
rolesin geosciencestudy.

PROGRESS

a. Airbome campaignandreal-timeobservationduringtheSIR-C/X-SARmission.

During the SRL-1 mission,theChineseairborneSAR campaignwascarriedout
simultaneously at the Beijing test site. The truck-based scatterometer
measurementwasperformedon the variouskinds of land types.Meanwhile, the
soil moisture and crop phenologic parameterswere observed. In the Inner
Mongolia test site, 12 corner reflectors were deployedon the surfaceand in
variousdepthsof thesandsheetsfor penetrationstudy.

b. Analysis of SIR-C/X-SAR data and ground-truth data

In the Inner Mongolia test site, the responses of the deployed comer reflectors
were analyzed on the SIR-C/X-SAR images. The penetration depths through the
sand sheet of multi-frequency radar signals were calculated and explained. At the
Beijing test site, the truck-based scatterometer measurement was used for

calibration of Chinese airborne CASSAR and SIR-C survey images over the
Beijing site. The cross-calibration is going on. The relations between soil
mmsture, plant water content, and CASSAR images were analyzed. At the
Zhaoqing site of south China, SIR-C data proved to be useful for geological
exploration in subtropic areas with heavy vegetation cover. At the Shandong site
of the east China, an impact crater was identified on the SIR-C/X-SAR images.
At the Kunlun site of west China, a joint field investigation was carried out with
JPL. Using the SIR-C data, nine summit craters and calderas with various shapes
and types of lava flows have been detected in the northeast of Aksayqin Lake,
west Kunlun. At the Yanchi site of north-central China, the first-step field
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C.

investigation for the Great Wall has been done based on the analysis for SIR-C
data.

SIR-C Interferometry

SIR-C interferometry data over the Kunlun site were processed. After the
resampling and registration, the fringe was produced. This technique will be used
for the Karakax Fault study.
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SIR-C/X-SAR Analysis of Topography and Climate in the Central Andes

OBJECTIVES

Understand large-scale interactions between tectonic and climate-controlled erosional
processes that created the Andes.

Determine the modem and Pleistocene snow-line altitudes and gradients in a poorly
known but critical latitude range of the central Andes, and interpret ice-age changes in
atmospheric circulation.

PROGRESS

Since the launch of the April mission our project has focused primarily on the analysis of
the enormous amount of new SIR-C/X-SAR data for the Patagonian Icefields. The North
and South Patagonian Icefields represent 62% of the glacial area in the southern
hemisphere outside of Antarctica, with the South Patagonian Icefield (SPI) ranking as the
third largest ice mass on Earth after Antarctica and Greenland. Although little studied,
these glaciers are some of the most dynamic in the world, with annual precipitation
exceeding 7 m in the accumulation areas and ablation rates as high as 6 cm/day at sea
level, allowing them to respond quickly to climatic variations. Monitoring the response of
these glaciers is important for the study of the regional climate as well as the relationships
between climate changes in the northern and southern hemispheres. The new radar data

will have a major impact on the understanding of these important icefields and glaciers.

Radar interferometry analysis of the San Rafael glacier, one of the fastest moving glaciers
m the world, has produced spectacular results revealing new information regarding its
flow characteristics. The extremely fast velocities at the terminus are not characteristic

throughout its length and slow down by an order of magnitude up glacier. Within the

interior of the icefield the glacier acts as a well defined ice stream with slower moving ice
on its flanks.

Analysis of the Patagonian SIR-C/X-SAR data has lead us to new discoveries regarding
the spatial and temporal characterization of snow and ice conditions on the Patagonian
Icefields, and has demonstrated the utility of combining multitemporal SAR with
meteorological and hydrological data to detect the effects of synoptic weather systems
and seasonal changes on snow and ice conditions.

The Patagonian results have spawned collaborations with the Chilean and Japanese
glaciologists who have been responsible for much of the previous research on the

icefields. We are planning to conduct a joint field trip with them to measure ice depth
profiles and snow and ice conditions on the San Rafael glacier. The ice depth
measurements will be made with an ice penetrating radar and are needed in order to use

the ice velocity measurements to calculate ice flux and test models of glacier flow.
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In April 1995we receivedour first four TOPSAR scenesprocessedthrough the new
AIRSAR integratedprocessor.Thesefour scenescovertwo glaciersitesin theCordillera
Real,Bolivia andtheQuelccayaIce Cap,Peru. Thefocusof our recentresearchhasbeen
to assessthe usefulnessof this data for glaciological studies, especially as a high
resolution data source for detection of glacier change. We are collaborating with
researchersat the Unidad de Glaciology RecursosHedricos de Electroperu to use
TOPSAR data to update the glacial inventory of the Cordillera Blanca which was
originally doneusingaerialphotographstakenin the 1950sand60s.

FUTUREPLANS

Spaceborne Imaging Radar (SIR-C/X-SAR) Glaciological Observations of the
PatagonianIcefields

A mosaicof theNorth PatagonianIcefield andthe northernhalf of the SouthPatagonian
Icefield (SPI) is being constructedfrom the 14SIR-C scenesacquiredduring SRL-1.
Becauseof the persistentcloud cover this is the first completemosaicof the icefields
sincea seriesof TM acquisitionsin 1986. Terminuspositionchangesof 15glaciersare
determined and the spatial distribution of these changescorrelated with glacier
characteristics including aspect,area, length, accumulation area/ablationarea ratio,
equilibrium line altitude (ELA) andgradient. Snowlinesare mappedandcomparedto
previousestimatesof ELAs. Severalicedivideson theSPIaredefinedfor thefirst time.
Otherpreviouslyundetectedglacialfeaturesinclude:buriedcrevasses,small icefalls,and
ogives. The completeset of SRL-2 dataprovides a comprehensiveview of seasonal
changefor thenorthernSPI.

Snow andIce Conditions inferred from ScatteringMechanismDecompositionof SIR-
C/X-SAR imagesof thePatagonianIcefields

The scatteringmechanismdecompositiontechniqueof Cloude,modified for SIR-Cdata
by vanZyl andRignot, is usedto interpretthesnowandiceconditionsof the Patagonian
Icefields. Several large areas on the icefields are dominated by a double bounce
scatteringmechanismwhich hasnever beenreportedfor a snow and ice target. We
presentlyinterpretthis to be theresultof subsurfacerefrozenice ona5 cm scale. Inverse
backscattermodeling together with the limited published field data will be used to
constrain the physical parametersof the snow andice suchas: grain size distribution,
snowwetness,density,surfaceroughnessandtheorientationandstructureof subsurface
refrozen ice. We hopeto further constrainthe snow and ice parameterswith our own
measurementsfrom snowpitson thePatagonianIcefields.

Ice Velocity andSurfaceTopographicMappingof theMorenoGlacierareaof theSouth
PatagonianIcefield from SpaceborneSARinterferometry

Interferometricanalysissimilar to thatdoneon theSanRafaelGlacierwill beappliedto
thefast-movingMorenoGlacier andseveralslowerglaciersin thearea. The glaciersin
the southernportion of the SPI act asa coalescenceof individual glaciers rather than
outlet glaciersdraining acommonicefield astheydo on theNPI, therefore,comparisons
of thevelocity andstrainmapsof this areawith thoseof theSanRafaelareawill illustrate
thedifferencesin flow characteristicsof thesetwo glacialregimes.
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Resultsfrom SanRafaelGlacierFieldExperiments

If we aresuccessfulin obtaining ice depthprofiles and characterizingthe snowand ice
conditionson SanRafaelGlacier duringour plannedtrip to Chile thenwe will be in the
position to provide important ground validation results for both the San Rafael
interferometry results (Rignot, et al., 1995) and the Patagonianradar glacier zones
(ForsterandIsacks,1995).

Mappingof Glacial Geomorphologyin theCordilleraReal,Bolivia with SIR-C/X-SAR
images

Variousgeomorphicfeaturesareeasilyidentifiableon the SIR-C/X-SARimagesthat are
not as evident on VNIR images. The extentof Pleistoceneglaciation can bemapped
from moraine positions prominently displayed on the SAR images becauseof the
enhancementof subtletopography to the side-lookinggeometry. Rock glaciers,talus
andbedrockoutcropscanbedistinguishedthroughthevariationsin surfaceroughness.

A comparison of DEMs generatedfrom SAR interferometry and stereopairs in the
CordilleraReal,Bolivia

We have a uniqueopportunity to compareDEMs generatedfrom SIR-C andTOPSAR
interferometry,SPOTstereopairs, and from aerial photographstereopairs for an area
with extremerelief for which we also have goodgroundcontrol from 1:50,000maps.
This will serveasatest for theaccuracyandcoverageof a spaceborneinterferometerin
thepresenceof largetopographicvariations.

HimalayanRadarGlacierZonesobservedwith SIR-C/X-SAR

We will apply our interpretationof the Patagonianradarglacier zonesto the SIR-C/X-
SAR dataacquiredover theHimalayanGlaciers. Theclimatic settingin theHimalayans
is dominated by monsoonaland winter precipitation as opposedto the year-round
precipitationin Patagonia.We anticipatethis to be reflectedin thespatialandtemporal
distribution of the radar glacier zones. The seasonalchangesinduced by the 1994
monsoonseason(mid-summer)shouldbe recordedby the differencesin the April and
Octoberradarglacierzones. Analysis of the radar zones will not be limited to relatively
flat areas (as they were in Patagonia) because we can correct the SAR data for

radiometric and geometric topographic influences with the high resolution DEM
available at Cornell.

A multitemporal analysis of the Radar Glacier Zones in Patagonia and British Columbia
with ERS-1 and SIR-C/X-SAR

Based on the Patagonian radar glacier zones defined from our SIR-C/X-SAR analysis we
are observing those zones as shown by C-VV from a continuing series of ERS-1 and 2

SAR acquisitions of the Patagonian Icefields and British Columbia. These images are
correlated with elevation of the snow and ice surfaces and with weather conditions to

determine the dynamics of climate/glacier interactions over time scales of synoptic
weather to seasonal change.

TOPSAR Data for Bolivia and Southern Peru

Our research has focused primarily on assessing the geometric accuracy of the data to
determine if it can be used as part of a glaciological time series. Glacier boundaries are

clearly discernible on the SAR imagery and can be easily mapped. Rectification of
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TOPSAR data to other datasetsis more problematic. The glacier recessionthat has
occurredin the region over the past 30-40 years is measuredin 10'sof meters, so
accuratecoregistrationis required.The smallfootprint of aTOPSARscenehashindered
coregistrationsimply becausethere is often a limited numberof good groundcontrol
points that can be used to accuratelydefine the transform. In an attemptto improve
coregistrationwe havebegunto focus onbettervisualizationof theradarimagery. We
havealso recentlybegunto integrateTOPSARdigital elevationdatawith SARimagery
to createstereoradarimagery. This combinationhasresultedin dramaticallyimproved
visualizationof radar data.It offers severaladvantagesovereven geocorrecteddata in
mountainousregions. First andforemostit allows radarbackscattersignaturesto beseen
in their true landscapeposition. This is crucial for properinterpretationof geomorphic
featuressuchasmorainesor debrisleft by retreatingglaciersaswell asaccuratemapping
of thepositionof glacier termini. Secondly,it allowsmuchbetterregistrationwith other
datasetsasgroundcontrol points becomemucheasierto identify. Lastly, It alsoallows
radarimageryto beusedby amuchwidercommunity. Nonradarscientistscanfind using
SAR data, especially in mountainous regions, a frustrating task as layover and
foreshortening render the landscapenearly unrecognizable. However, through the
creationof stereopairs,radardatais presentedin a form identical to widely usedaerial
photographsthat researchers,even in underdevelopedcountries,are familiar working
with. We intend to use this technique with the DEM that will be created for the
Cordillera,RealregionusingSLR-2dataaswell.

Anticipatednewdata requests:
SIR-C/X-SAR

Patagonia sites (10)
Bolivia, Southern Peru and other South American sites (15)
Himalayan glaciers (10)

Integrated TOPSAR processing:
We require the entire coverage of the Peruvian Cordillera Blanca and the Bolivian
Cordillera Real.
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The Joint Analyses of Single- and Dual-Frequency/Experimental Dual-Polarization SIR-C and X-
SAR Measurements in Precipitation

OBJECTIVES

Determine the vertical and horizontal spatial distribution of hydrometeors in precipitating clouds.

Measure the spatial distribution of liquid water and ice in the clouds.

Measure and determine the limits of measurement of the polarization characteristics related to the
shapes and orientations of hydrometeors in precipitating clouds.

PROGRESS

In spite of the severe constraint allowing only four nadir roils during each mission, we were able to
collect limited data on one occasion through a rainband of Typhoon Odille, on the first mission
(Fig. 1), and much better data over tropical cyclone Seth, on two occasions during the second
mission (Fig. 2). Although we apparently lost the best data take because of an error in the setting
of radar parameters by the operations center, we did end up apparently with one good data take
through intense convection and surrounding stratiform precipitation. This alone is a remarkable

achievement with an estimated likelihood of success of less than 0.1% because of the spatial and
temporal variability of the precipitation and limited (8) number of Shuttle nadir rolls during the two

missions. We feel very lucky indeed and app,reciate the hard work at the operations center to make
sure we got these data takes.

While the focus of this research is on nadir data, other observations off-nadir through rain clouds
were also collected. Several instances of these were processed first. While SAR side-looking
images of rainstorms are interesting qualitatively, they are not very useful for quantitative studies
because of the large vertical extent of the radar beam and because the geometry of the observations
precludes unambiguous interpretation of the data. It is for these reasons that our primary concern
here is with the nadir data. However, the request for these data from the second mission was at the
bottom of the processing heap so that we are just now getting access to our SIR-C data and are still
awaiting the X-SAR data. A preliminary inspection of the qualitative nature of the SIR-C data are,
nevertheless, encouraging and warrant detailed quantitative analyses.

In particular these data include a transition from convective to stratiform precipitation clearly
exhibiting a 'bright-band' associated with the melting layer (Fig. 2). The region of convection is
well suited to a dual-frequency (C-band and X-band) analysis for the quantitative estimation of
rainfall. The software for rainfall estimation is ready as demonstrated in Fig. 1.
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Nevertheless,while waiting for accessto thenadir data,wehavemadegooduseof the time by
usingancillary dataand performingtheoreticalstudiesof benefit to the upcominganalyses.In
particular,ananalysisof JPL/NASA ARMAR (AirborneRainMapping Radar)datacollectedat
nadir showsthat in heavierrain, the largerraindropsareoscillating leadingto the generationof
linear depolarization (LDR) (Jameson and Durden 1996). This not only has significant implications
for ground-based polarization measurements of precipitation but could also prove to be a useful
new method for detecting heavy rainfall from space. We will be looking for this signature in the
upcoming analysis of the SIR-C data. Moreover, the ARMAR data clearly show enhanced LDR
associated with the melting level. Knowing the altitude of this melting level is important in order to
accurately retrieve rainfall measurements from space using either radar or radiometers or a
combination of the two technologies. These two features are illustrated in Fig. 3.

Of much greater importance, perhaps, is a theoretical result having quite general applicability to
many types of radar, scatterometer, radiometric, and other types of measurements. Since at nadir
we use the SIR-C as a real aperture radar, we were interested in the smoothing effects of the beam
as well as the signal statistics of a spaceborne radar passing through rapidly changing
meteorological conditions. While investigating this situation, we (see Jameson and Kostinski

1996) found the general result for any instrument scanning through regions where the mean is
changing while sampling, that the amplitudes, in general, are not Rayleigh distributed, as
illustrated in Fig. 4.

Consequently, the distributions of the intensities are not, in general, negative exponential. This
effect can lead to bias for some detectors (linear and logarithmic) and, more importantly, can
significantly increase the uncertainty of the estimate of, say, the mean intensity at times and
locations where conditions are changing rapidly. Moreover, it is shown that the beam filtering
effect extends over twice the beam width (for one estimate per beam width) thus considerably
broadening the storm boundaries and dimensions unless 'block' scanning is used. Fortunately, the
SIR-C/X-SAR nadir data are optimum in the sense that these problems are minimized.

FUTURE PLANS

We anticipate accessing nadir data collected on data take 103 in mid-September and will then
request multiple polarization and multiple frequency data through interesting segments. We should
have these data within two months so that we can perform detailed quantitative analyses in
November and December. The analysis software is ready (see Fig. 1) and simply requires getting
the data. We hope to have a manuscript ready by the end of January 1996.

The first stage will be the processing and analysis of C-band data, especially looking for the
melting layer and for enhanced LDR in heavier rain. The second stage will be combining the C-
band and X-SAR data to deduce a profile of rain through deep convection. This will be a first, if
successful, and should generate one to two publications. Finally, in the future, we would like to

scan side-looking cloud images in order to look for unusual data for possible analysis. These will
have to be primarily at small look angles in order to reduce the mixing of ground and rain signals.
This may lead to additional publications, depending on what is uncovered.
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SIR-C C-Band Cross-Section I_rough Rain Band in Typhoon Seth, October 3, 1994, 17.44 GMT (VV-Polarlzation)
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Of much greater importance, perhaps, is a theoretical result having quite general

applicability to many types of radar, scatterometer, radiometric and other types of measurements.

Since at nadir we use the SIR-C as a real aperture radar, we were interested in the smoothing

effects of the beam as well as the signal statistics of a spaceborne radar passing through rapidly

changing meteorological conditions. While investigating this situation, we (see Jameson and

Kostinski 1996) found the general result for any instrument scanning through regions where the

mean is changing while sampling that the amplitudes,in general, are not Rayleigh distributed as
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(From Jameson and Kostinski 1995).

Consequently, the distributions of the intensities are not, in general, negative exponential.

This effect can lead to bias for some detectors (linear and logarithmic) and, more importantly,

can significantly increase the uncertainty of the estimate of, say, the mean intensity at times and

locations where conditions are changing rapidly. Moreover, it is shown that the beam filtering

effect extends over twice the beam width (for one estimate per beamwidth) thus considerably

broadening the storm boundaries and dimensions unless 'block' scanning is used. Fortunately, the

SIR-C/X-SAR nadir data are optimum in the sense that these problems are minimized..
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Estimation of Total Aboveground Biomass in Southern United States Old-Field Pine

OBJECTIVES

The overall goal of the NASA-sponsored research project is to develop methods to use spaceborne
SAR imagery to monitor patterns of carbon storage in the pine forests found in the southeastern
United States. This project is part of an overall program being carried out by scientists at ERIM
and Duke to develop techniques to use satellite-based remote sensors to monitor carbon flux in this
region. Towards this end, funding has also been secured from the Environmental Protection

Agency to pursue research beyond the scope of the SIR-C project. Specifically, EPA funding is
being used to obtain and analyze Landsat TM and MSS imagery over the test site to monitor
changes in forest cover in this region from 1975 to present, to develop models describing patterns
of below-ground carbon storage, and to develop an integrated approach using information derived
from SIR-C and Landsat with ground-based models to study landscape scale patterns of carbon
storage and flux.

Specific objectives of the overall program are to:

Develop optimum algorithms to estimate aboveground biomass/carbon in pine forests of the
southeast U.S. using multichannel, spaceborne SAR data (NASA funded).

Develop models which link aboveground biomass/carbon with ground-layer carbon in pine forests
in the southeast U.S. (EPA funded).

Based on (1) and (2) above, estimate patterns of carbon storage in the pine forests surrounding
Durham, North Carolina at the times of the SIR-C overflights
(NASA funded).

Evaluate the utility of using SIR-C/X-SAR data to improve maps of forest cover in the study
region (NASA funded).

Develop methods to monitor changes in forest cover from 1975 to 1994 in the study site using
Landsat TM and MSS data (EPA funded).

Develop methods to combine the information derived from Landsat and SIR-C data to study
patterns of carbon flux over the past 20 years (EPA/NASA funded).

PROGRESS

Prior to March of 1994, our activities focused on investigations of AIRSAR and ERS-1 SAR data

to develop approaches in using radar imagery to monitor changes in biomass in southern U.S.
pines. Towards this goal, a set of 80 test sites were established in the Duke Forest. These test

sites were measured and techniques developed to estimate patterns of biomass present in these
forests based on in situ measurements as well as allometric equations available in the literature.

The utility of SAR data to monitor biomass patterns was clearly established during these initial
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experiments.Thesedatawerealsousedin theoreticalmodelingstudiesto betterunderstandthe
relationshipsbetweenEM scatteringand tree characteristics.This researchresulted in eight
publishedjournal articles(seereferencelist).

Theactivitiespursuedduring thepasteighteenmonthswerefirst focusedoncollectionof ground-
truth datasetsto supportthe analysisof SIR-C/X-SARdata. Thesegroundtruth dataincluded
measurementof standcharacteristicsfor 60 different pine stands,collection of soil moisture
measurementsduring the SIR-C overflights in April andOctoberof 1994,collection of local
meteorologicconditionsduring the SIR-Coverflights, and collection of canopyhemispherical
photographs.The supportof two SIR-Coverflights within a seven-monthperiodstretchedthe
financialresourcesavailableat DukeUniversity to thefullest, andrequiredexpendingfundsnot
receiveduntil Novemberof 1994.Thus,wewerenotableto beginto fully reducethegrounddata
until the spring of 1995,whenadditionalfunding wasreceived. In addition to supportingthe
experimentsthemselves,thePI for thisexperiment(E.Kasischke)alsoservedasCo-Chairmanof
the Ecology Discipline Panel for the National ResearchCouncil s review of the utility of
SpaceborneSAR for earthscienceapplications.Thisactivity requiredconsiderableefforts from
the PIduring thetimeperiodfrom November1994throughFebruary1995,andseverelystrained
the funding resourcesavailablefor analysisof SIR-Cdatauntil a further funding incrementwas
receivedin Marchof 1995.

SinceMarch of 1995,we havebegun to seriouslyanalyzethe SIR-C/X-SAR datasets. Our
activitiesduring this timeperiodhavefocusedon reducingtheground-truthdataandonextracting
signaturesfrom theradardatasets. The dataarecurrentlybeingusedin two separateanalyses,
eachof which shouldresultin ajournal article. Thefirst analysesis beingconductedjointly with
FrankDavis (UCSB)andYongWang(ECU). This is amodelingstudyon thesensitivityof radar
backscatterto variationsin surfacemoistureandchangesin incidenceangle. Thesecondanalyses
is exploring the effectsvariations in imaging geometryand seasonalvariations (e.g., leaf on
versusleaf off, soil moisture) on the ability of SAR to estimateabovegroundbiomass. The
approachbeingusedis throughamultistageapproach,wherecanopybiomassis estimatedfrom
radarimagery,which in turn is usedto estimatetotalstand.Thesejournal articlesarecurrentlyin
preparationandshouldbesubmittedby theendof theyear.

PLANNED ACTIVITIES - FY '96/'97

In additionto submittingthetwojournal articlesmentionedabove,duringFY96/97weplan the
followingactivities(eachof whichwill resultin aseparatejournalarticle):

1. Analysisof DifferentApproachesto Estimationof AbovegroundBiomassUsingSIR-C/X-
SARData

Severaldifferentmethodologieshavebeenproposedto estimateabovegroundbiomassin forests.
In additionto the two-stepapproachdevelopedby this program,JonRansonusesa polarization
ratio to estimatebiomass,while Craig Dobsonusesa multiple-step approachwhere longer
wavelengthSAR dataareusedto estimatetreeheightandbasalareaandshorterwavelengthdata
areusedto estimatecanopybiomass.Underthis study,we will compareall threeapproachesto
determinewhich approachis bestsuitedfor theforestconditionsfoundin thesoutheastU.S.

2. RegionalEstimatesonPatternsof CarbonStoragein a SoutheastU.S.PineForest
ComplexusingSpaceborneSARData

This studywill takethe resultsfrom thealgorithm from thepreviousanalysesand usethem to
estimatepatternsof biomasspresentin thepineforestsin theDuke ForestRegion. This analysis
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will alsoutilize the below-groundcarbonmodelsdevelopedby theEPA studyto developa total
carbonbudgetfor theseforests.

3. Analysisof theEffectsof ImagingandSceneParametersfor Detectionof FloodinginaBald
CypressForestWetland

Duke Forestcontainsa test standof Bald Cypresswhich wascontinuously flooded during the
SIR-Coverflights. In theApril flight, the leaves on the trees of this stand had just begun to flush,
while during the October flight, the leaves were fully flushed. This study will focus on
determining how well the different wavelength/polarizations of the SIR-C/X-SAR detected this
flooded forest wetland as a function of incidence angle and leaf on/off conditions. The study will
employ both empirical analyses as well as theoretical scattering models.

4. Mapping Forest Cover using Combined Landsat TM and SIR-C/X-SAR Data

This study will investigate whether imaging radar's unique capabilities in mapping forest structural
characteristics can be used to improve maps of forest/land cover which are traditionally derived
from MSS data.

5. Patterns of Carbon Storage and Flux in a Southern U.S. Forest from 1974 to 1994

This is the culmination of the overall program. This study wiU combine information (within a GIS
context) derived from three separate sources (e.g., ground-based models, SIR-C/X-SAR, and
Landsat) to look at how patterns of forest cover change have influenced carbon flux in the forests
surrounding Durham, North Carolina.
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An Investigation of the Imaging of Ocean Waves and Oil Slicks with SIR-C and X-SAR

OBJECTIVES

To improve our understanding of ocean-wave imaging by synthetic-aperture radar (SAR).

To test the assumptions of backscattering theory with regard to short-wave properties.

To develop new techniques for retrieving ocean-wave spectra from multiparameter SAR.

PROGRESS

Multilook SIR-C/X-SAR data have been acquired for all the orbits coinciding with buoy
measurements at the N. E. Atlantic site in the first mission (April 1994). There were no in-situ
measurements during the second mission. The April 1994 experiment was successful, with many
clear instances of the imaging of ocean swell waves at times of buoy measurements, and some
clearly imaged artificial oil slicks. An initial analysis of the wave imaging has been made, and a
more detailed study of the mean backscatter and backscatter statistics is currently in progress.

SIGNIFICANT RESULTS

An initial analysis was undertaken to assess the wavelengths and directions of the dominant swell
waves imaged on two orbits. Good agreement was found with the simultaneous buoy data,

although the SAR data showed a small but significant rotation of the position of the spectral peak
with changing radar frequency. These results have been reported at IGARSS 95.

Further analysis has shown that the imaged wave modulations have a strong polarization
dependence close to the range direction, but not in the azimuth direction. This agrees with the
expected strong polarization dependence of the tilting imaging mechanism. Other initial results
confirm the successful imaging of oleyl alcohol films deployed during this experiment.

However, the main thrust of our work has been the analysis of the mean backscatter and

backscatter statistics. Empirical models of the mean backscatter have been tested. There is very
good agreement, to 1 dB (standard deviation), with the ERS-1 C-band scatterometer model

functions CMOD-3 and CMOD-4. Theoretical models show some systematic disagreements with
radar frequency, pointing to a need to modify existing descriptions of short-wave spectra.

The single-look image statistics fit the K distribution, but all the multilook cases fit the lognormal
distribution. Modelling of backscatter variances has been studied. It has been found that the
observed variances can be explained in terms of the contribution from resolved ocean waves. We

have applied wave-imaging theory to estimate this contribution from our buoy data. We find
agreement with observations if the hydrodynamical modulation is increased above the level
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predictedby thesimple action-balancetheoryof Alpers & Hasselmann.This resultagreeswith
tower-radarmeasurements.

FUTUREPLANS

NewDataRequests

Wenow haveall themultilook data-setsneededfor comparisonwith oursimultaneouswave-buoy
measurementsat theN. E.Atlantic site in thefirst mission(April 1994). We envisagea needfor
moresingle-look,complexscenesoverthis site,andtheimagesandrawdatafrom theSCANSAR
passesovertheN. Atlantic. We expectto defineour requirementswhenour presentprogramof
work finishesin February 1996. We do not have any immediateplans to studydata from the
secondmission(October1994)asno in-situmeasurementsweremadeat oursite.

FutureWork

Our presentwork on the meanbackscatterand backscatterstatisticsis scheduledto finish in
February1996.We areconsideringthepossibilityof follow-onwork to examinealternativeways
of combiningthe simultaneousSIR-C/X-SARchannelsto reduceocean-clutterfalse alarmsin
targetdetection. Analysisof the imagedoil slicks by DRA Winfrith is expectedto commencein
1996.

PUBLICATIONS

Thefollowing paperwaspresentedatIGARSS95:

First resultsfrom theSIR-C/X-SARexperimentonocean-waveimagingin theN. E. Atlantic, G.
E. Keyte, R. A. Cordey, R. Larsen& J.T. Macklin, Proc. 1GARSS '95, Firenze, Italy, 10 - 14
July 1995, pp 1320- 1322.

The following internal report describing the conduct of the experiment has also been produced:

SIR-C Trials in N. E. Atlantic, R. Larsen & P. R. Dovey, GEC-Marconi Research Centre Report
MTR 94/32A on DRA Contract RAE1B/89, August 1994.

New Publications

An outline abstract, SAR Backscatter Properties from the Sea Surface During the SIR-C/X-SAR
Experiment in the N. E. Atlantic by N. R. Stapleton & J. T. Macklin, was sent by e-mail to Dr.
Ben Holt (JPL). This is a contribution to a proposed special issue of the Journal of Geophysical
Research on SIR-C/X-SAR oceans results. It is anticipated that a paper will be prepared for
submission in early 1996.

An abstract, Radar Backscatter Statistics from the Sea Surface: Implications of SIR-C/X-SAR
Observations for Maritime Surveillance by R. A. Cordey, N. R. Stapleton, J. T. Macklin, R.
Ringrose, N. A. Robertson & G. E. Keyte, has been submitted to the NATO/AGARD Mission
Systems Panel - 5th Symposium Space Systems as Contributors to the NATO Defence Mission. A
paper will be prepared in early 1996.
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SIR-C Polarimetric Radar Image Simulation and Interpretation Based on Random Medium Model

OBJECTIVES

Demonstrate the applicability of the random medium model in simulating SIR-C imagery.

Analyze and interpret SIR-C imagery for remote sensing applications.

Investigation of seasonal variations and atmospheric effects.

PROGRESS

The work during this period has been focused on the use of spaceborne polarimetric radar
measurements for monitoring, mapping, and retrieving the above ground vegetation biomass.
Fully polarimetric radar data obtained from the SIR-C/X-SAR missions in April and October 1994
over the Landes Forest in Southwestern France have been analyzed in detail. The Landes forest is

the largest plantation forest in France, and covers nearly one million hectares of flat topography.
This forest is almost totally formed by maritime pine (pinus pinaster), and it has been managed in
such a way that the forest is divided into various areas of large and statistically homogeneous tree
stands of the same age. The acquired SIR-C data has been compared with the previous AIRSAR
campaign (L- and C-band, fully polarimetric, 40-50 degree incidence angle), ERS-1 data (C-band,
VV, 23 degree incidence angle), and JERS-1 data (L-band, HH, 35 degree incidence angle) to
assure the consistency of measurement.

In the investigation of the application of SIR-C data to vegetated terrain classification and biomass

inversion, the measured backscattering coefficients c ° hh, c° vv, and go hv,), the derived complex

correlation coefficient (p) of HH and VV polarizations as well as the ratio between cross- and co-

polarization ratio (c ° hv / c° vv) are fully utilized. A validated pine forest scattering model, which

is based on the radiative transfer theory with the specific branching structure of pine tree taken into
account, is used to interpret the SIR-C/X-SAR polarimetric backscattering measurements from the
Landes forest. From the analysis of measured data and the theoretical simulation, the cross-
polarization backscattering coefficients at L-band and the correlation between HH and VV
backscattering returns at both L- and C-band are found to be most useful for the biomass retrieval.
Bayesian classifications using data with known ground truth and with theoretical simulation are
applied to classify the forest for biomass up to 50 tons per hectare with the available data at this
time (26 degree incidence angle). With the use of pine forest scattering model, biomass inversion

has been shown to be feasible over a wider biomass range (up to 100 tons per hectare) for angles
of incidence around 45 degrees. In addition to the analysis of SIR-C/X-SAR data, we have refined
our forest scattering model by taking into account the double scattering mechanism between trunk
and branches which shows more effects on the cross-polarized backscattering return. We have
also studied the collective scattering and absorption effects of clustered objects like the branches

and leaves in a vegetation canopy. A new approach for studying the polarimetric response of
various types of forest is also developed by using the L-systems technique to generate different
kinds of plants.
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In this work, we have collaboratedclosely with Dr. Le Toan'sresearchgroup at the Center
d'Etudes Spatiale De La Biosphere (CESBIO) of France. During the different flights of SIR-C/X-
SAR over the test site, extensive ground truth data had been collected by Dr. Le Toan's team.
These consist of an updated biomass map which provides the location and ages of more than 50
stands of maritime pines, as well as the statistical information about the densities and sizes of trees

and branches. In addition, a clear-cut map is also available with some ground truth measurements
including soil moisture and surface profiles. These valuable descriptions provide the key input
parameters for our theoretical pine forest scattering model.

SIGNIFICANT RESULTS

The fully polarimetric backscattering measurements over the Landes forest from the first SIR-C

flight was taken at a 26 degree incidence angle. In Figures 1 and 2, we compare the backscattering
coefficients and the correlation coefficients between the SIR-C measured and model predicted data
for both forest stands and clear-cuts at L- and C-band frequencies. The comparison between
experiment and theory shows good agreement. The clear-cuts are areas where the biomass is
lower than 5 tons/ha. For the area with bare soil surface, the magnitude of the correlation
coefficient is close to 1 either at L- or C- band. When the area with forest stands is considered, the
magnitude of rho drops to a value of 0.35 for older stands.

During the second SIR-C flight, measurements with different incident angles (18 and 51 degrees)
were obtained. We then performed theoretical simulations to examine the scattering mechanisms
involved in the angular variations with backscatter from forest. It is found that at a higher incident
angle (51°), where the scattering from tree crown dominates for both L- and C-band, the cross-

polarized return at L-band has larger dynamic range than lower incident angles. For small incident
angles, the copolarized return from ground is more important for forest stands with low biomass.
This suggests that the results may differ with surface conditions.

Classification and Biomass Estimation of the Landes Forest

With the ground truth from biomass map, the supervised classification of forest stands between 0
tons/ha and 50 tons/ha has been performed with a set of multi-look (5 x 5), fully polarimetric data
at 26 degrees. The data are divided into 5 classes: from 0 to 7 tons/ha, from 8 to 20 tons/ha, from

21 to 33 tons/ha, from 34 to 50 tons/ha, and the one with more than 50 tons/ha. Using Bayes
classification algorithm, an accuracy of 86% has been achieved. The accuracy of classification
with backscattering coefficients only is 62%. Unsupervised classification of forest stands using
theoretical models gives an accuracy of 70%. It is also found that for the classification of bare soil

with forest areas, the ratio go hv/go vv and the magnitude of p yield the best results. For both L

and C-band frequencies, the forest can be classified with ratio higher than - 11 dB or the magnitude

of p lower than 0.85. As for the biomass retrieval, the magnitude of p gives the best performance.

Collective Scattering and Absorption Effects

For a locally clustered medium, the scatterers are clumped together like branches and leaves in a

vegetation canopy. In such cases, the scatterers will scatter collectively. Collective scattering
effects include correlated scattering, which takes into account the relative phase of scattered waves
from the scatterers and their neighbors. The mutual coherent wave interactions between scatterers

are also included. The locally clustering structure has important effects in determining the cluster's
electromagnetic properties. We have shown that, in locally clustered media, the absorption of the
cluster can be several times greater than the incoherent sum of the absorption of its components.
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This suggeststhat in random mediaproblems the effects of the clusteredgeometryon both
scatteringandabsorptionmustbeconsidered.

TheoreticalModelingof ForestUsingL-Systems

TheMonteCarloapproachhasalsobeenappliedto studythescatteringof electromagneticwaves
by plantsthat aregrown usingthe L-systemstechnique. The position,size,and orientationof
everyelementin a generatedtreecanbeobtainedfrom thecomputersimulation. Thescattering
fields from all treeelementsareaddedcoherentlytocalculatethetotalscatteringfield. Theresults
arefurtheraveragedovermanytreerealizations.Simulationsof different typesof treesshowthat
thepolarimetricbackscatteringbehaviorof forestis affectedbytheinnerstructureof plants.

FUTURE PLANS

Theoverall objectiveof this studyis to investigatetheapplicationof spacebornepolarimetricdata
for classifying, mapping, and parameterretrieval of vegetatedterrain using SIR-C/X-SAR
polarimetricdata.Basedonourresearchgoals,theplannedinvestigationsinclude:

Classificationof VariousTypesof Forests

We will investigate the capabilitiesof radar data to achievethe classificationof forests in a
worldwidescaleintomajortypesaccordingto thetreearchitecturalforms. For eachtypeof forest,
thecorrespondingSIR-C/X-SARimageswill berequested,andthebackscatteringcoefficientswill
beevaluated.We will alsoinvestigatetherelationshipsbetweenpolarimetficdiscriminationsand
tree structuresand species. In addition to the Landespine forest, the forest of eucalyptusin
Congo, and the rain forest in Amazon will be studied. For different types of trees, the
correspondingtreearchitecturemodelandthebackscatteringmodelwill besetupwith theuseof
L-systemstechnique.

Monitoring RiceGrowth

In this study,the identificationof rice fields at variousgrowthstages,aswell astheclassification
into differentspecieswill beinvestigated.At present,a theoreticalscatteringmodelfor ricefield at
different growth stageshasbeendevelopedat MIT, it will be applied to interpret the radar
measurements.The test siteswill besomerice fields at IndonesiaandJapan. Thesesiteshave
beenthesubjectof remotesensingprojectusingERS-1datato monitorrice growth. ERS-1data
will alsoprovideuswith samplesof measurementatvariousricegrowthstagesfor comparison.

Soil MoistureandRoughnessInversion

In orderto assessthe inversionof soil moisturefrom polarimetricdata,a forward rough surface
scatteringmodelhasbeendevelopedatM1T. Thismodelis usingtheMonteCarloapproachwhich
solvesa3-D randomroughsurfacescatteringproblemnumerically. A neuralnetworkis trained
basedon the direct scatteringmodeland will besubsequentlyusedto invert the SIR-C/X-SAR
data. Theselectedsiteswith supportinggroundtruth aretheLandesforestin FranceandMaterain
Italy.
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Figure 1: Comparison of measured and model backscattering coefficients at L-band and C-band.
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Comparative Lithological Mapping using Multipolarization, Multifrequency Imaging Radar and
Multispectral Optical Remote Sensing

OBJECTIVES

The objectives of this research have evolved over time based on experience with the data, def'mition
of available SIR-C sites, and the availability of resources. The following summarizes the main
objectives of the research.

To develop a better understanding of the current geomorphic expression of rock surfaces by
determining the relationship between lithological variability, weathering, soil development, and
vegetation distribution.

To use variation in radar backscatter as a function of wavelength and polarization to characterize the
geometry, and indirectly the composition of rock units.

To compare radar characterization with visible/infrared characterization of surface materials.

To map the character and distribution of lithological variation with SIR-C/X-SAR by preparing
detailed lithologic maps of selected sites.

PROGRESS

Until 31 March 1995, this research was supported with the University of Colorado. Effective 10

April 1995, this SIR-C research was transferred to Analytical Imaging and Geophysics LLC
(A/G), Boulder, Colorado.

A Final Report was submitted on 31 March 1995. This report summarized significant results for
research conducted at the University of Colorado. The research at CU concentrated on compiling
and analyzing optical and SAR data sets, learning better how to use SAR data for geologic
mapping, and establishing the framework for geologic analysis using SIR-C. This included much

of the preparatory work for SIR-C, including acquiring NASA Airborne data and preparing
multiple optical and SAR data sets for analysis and use with the SIR-C data. Data analyzed
included Airborne Visible/Infrared Imaging Spectrometer (AVIRIS), Thermal Infrared

Multispectral Scanner (TIMS), and JPL airborne SAR (AIRSAR). Small sample data sets for a
site near the northern Grapevine Mountains, California/Nevada, were georeferenced and combined
analysis was performed. The AVIRIS and TIMS data provided detailed lithologic information in
the forrn, of mineral maps and color composite images. The AIRSAR data were processed to color
composite images and a small perturbation model was also used to extract surface roughness
values from the data. Several sessions of field mapping and verification were conducted.

Algorithms were developed that could be applied to the SIR-C data. Preliminary processing of
SRL-1 data from the Death Valley Supersite included initial registration of X-SAR to the fully
polarimetric SIR-C data, generation of gray scale and three frequency color composite images, and
trial inversion of the SIR-C data to surface roughness. Two field checks of SIR-C processing
results were conducted in January and March 1995. Significant results are summarized below.
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-Researchat AIG from 10April 1995to presenthasconcentratedon utilizing theSIR-C andX-
SAR datafrom SRL-1 and SRL-2for geologicmapping. Six two-month researchphaseshave
beencompleted.

-ResearchduringPhaseI (10April to 31May 1995)of theAIG contractconcentratedonanalysis
of SIR-C/X-SARdatafor oneareanearStovepipeWells,California, the"Kit FoxHills" areaand
two areasatthenorthendof DeathValley NationalPark. SIR-CandX-SAR datafrom SRL-1DT
120.30wereprocessedto produceimage-mapsof thesesitesasthe basisfor detailedlithologic
mapping andfield investigations. Processingincludedextractionof compresseddataproducts
from 8 mm tapes,synthesisof individual frequencyand polarization imagesfor SIR-C data,
interactive viewing and analysis of individual detectedimages and color composites,and
generationof hard-copyimagesfor visual analysis. SIR-CandX-SAR datawereco-registered
using groundcontrol points (GCPs)and color compositeimagesweremadeutilizing thethree
frequencies.JPL AIRSAR datawereavailablefor two of theabovesites,the Kit Fox Hills area
andone of thenorthernDeathValley NationalParksites. Specificfrequenciesandpolarizations
werealso synthesizedfor thesedataandvisualcomparisonsmadeto the SRL-1 SIR-C/X-SAR
data. Both LANDSAT ThematicMapper (TM) and Thermal Infrared Multispectral Scanner
(TIMS) datawereavailablefor theonenorthernDeathValley NationalParksite. Thesewereco-
registeredto theSIR-C/X-SARdataandusedfor combinedanalysis.Limited field reconnaissance
wasconductedfor all sitesduringApril 1995in conjunctionwith aJPL-sponsoredcoordination
meetingwith otherSIR-Cinvestigatorsconductingworkat theDeathValley Supersite.

-ResearchduringPhaseII (1 June- 31July 1995)of theAIG contractconcentratedprimarily on
oneareain DeathValley NationalPark. For DeathValley, SIR-C andX-SAR datafrom SRL-1
DT 120.30wereprocessedto produceimage-mapsof thesesitesasthebasisfor detailedlithologic
mappingandfield investigations.Thekeyresultsaresummarizedin thesignificantresultssection
below; additionalresultsaredescribedin a manuscriptsubmittedto TGARS. Processingwasa
continuationof work conductedduringPhaseI andincludedsynthesisof individualfrequencyand
polarizationimagesfor SIR-Cdata,interactiveviewing andanalysisof individual detectedimages
and color composites, and generation of hard-copy images for visual analysis. A small
perturbationmodelwasusedto calculatethegeophysicalparameters"RMSsurfaceroughness"and
"FractalDimension."SIR-CandX-SAR datageometriccorrectionswererefinedusingadditional
groundcontrol points(GCPs). Imageswerecoregisteredwith SPOT,TM, andTIMS andmap
located(geo-located).Thecombineddatasetswereusedfor integratedanalysis.

PhaseIII (1 August - 30 September1995)concentratedon one area in the Bighorn Basin,
Wyoming. Datafrom SRL-1 DT 51.31wereprocessedandanalyzedto produceimagemapsof
portions of the Bighorn Basin near Greybull, Wyoming, as the basisfor detailed lithologic
mappingandfield investigations.Processingandanalysisincludedreadingof SIR-C/X-SARdata
from distributiontape,synthesisof individual frequencyandpolarizationimagesfor SIR-Cdata,
interactive viewing and analysis of individual detectedimages and color composites,and
generationof hard-copyimagesfor visualanalysis.TheX-SAR datawereregisteredto theSIR-C
datausing20 manually-selectedGCPs,DelaunayTriangulationwarping,and nearestneighbor
resampling.Both SIR-CandX-SARdatawerefurtherregisteredto LANDSAT TM imagesusing
50 GCPs,DelaunayTriangulation,andnearestneighborresampling. The imageswere usedfor
digital analysisandmanualinterpretationfollowedby field reconnaissanceduringSeptember1995.

PhaseIV (1 October- 30November1995)researchconcentratedonprocessingandanalysisfor a
portion of theDeathValley SIR-CSupersite.Surveydatafrom both the SRL-1andSRL-2,CD-
ROM setswereusedto constructamosaiccoveringtheDeathValley Supersite.The purpose of
this mosaic was to provide a regional overview of the site as an aid to structural interpretation, and
to assist in selection, processing, and archiving of SIR-C/X-SAR data sets for precision
processing. Two precision SIR-C/X-SAR data sets were also processed and analyzed to produce
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imagemapsof portionsof theDeathValley Supersiteduring thePhaseIV effort. Theeffort using
theseproductsduring thisphaseconsistedof: selectionof thedatasets,readingof SIR-C/X-SAR
datafrom distributiontapes,synthesisof individual frequencyandpolarizationimagesfor SIR-C
data,interactiveviewing and analysisof individual detectedimagesandcolor composites,and
generationof hard-copyimagesfor visualanalysis.Both setsof X-SAR data(SRL-1)and(SRL-
2)wereregisteredto theSIR-Cdata,andcolor-compositeimagesweremadefor SRL-1andSRL-
2 datacoveringthesamearea.The objectiveof this work wasto allow comparisonof datafrom
the two missionsand assessthe effect of specific radaracquisitionparameterson the geologic
information contentof the imagery. FourAVIRIS scenescoveringa subareawithin the Death
Valley Supersitewerecalibratedto reflectanceusingtheATREM atmosphericmodelduringPhase
IV. Thedataquality wasassessedby interactiveviewing, andpreliminaryanalysisof individual
sceneswas started. Band 30 (0.66 mm) of all 4 sceneswere map-referencedto allow future
productionof standardimagemapsfrom thedata.

-ResearchconductedduringPhaseV wasprimarily a continuationof thePhaseIV research and

concentrated on processing and analysis of SIR-C data and AVIRIS data for portions of the Death
Valley SIR-C Supersite. The Survey data mosaic constructed during Phase IV was printed at
1:250,000 scale and used to identify areas for further analysis. The precision SIR-C/X-SAR data
sets processed during Phase IV were map-referenced during Phase V to produce high resolution
image maps for comparison and combined processing with AVIRIS data. 1994 AVIRIS data
processed during Phase IV were map-registered during Phase V and analysis products used to
produce thematic image maps for comparison to SIR-C results. 1995 AVIRIS data for the

northern Death Valley site were calibrated to reflectance using the ATREM atmospheric model, the
data quality was assessed by interactive viewing, and mineral maps were made for sites previously
analyzed using LANDSAT TM and SIR-C/X-SAR.

Phase VI research consisted of work at a variety of sites. Survey data from both the SRL-1 and
SRL-2 CD-ROM sets were used to construct a mosaic covering the Bighorn Basin, Wyoming Site.
The purpose of this mosaic was to provide a regional overview of the site as an aid to structural
interpretation, and to assist in selection, processing, and archiving of SIR-C/X-SAR data sets for
precision processing. SIR-C and X-SAR data were co-registered for a site in northern Sonora,
Mexico, and multifrequency-multipolarization analysis was conducted. A digital elevation model
derived by JPL from SIR-C data using interferometric methods was analyzed for a site at the
southern end of Death Valley (the Owlshead Mtns.). The SIR-C DEM and SAR data were
compared with standard USGS DEM products.

SIGNIFICANT RESULTS

Significant results of the research conducted under JPL Contract 958456 at the University of
Colorado include:

Successful use of combined optical/SAR data to provide new insights for geologic mapping,
particularly of alluvial materials. Mapping of selected locations within the Death Valley SIR-C
Supersite.

Extraction of quantitative surface roughness using both AIRSAR and SIR-C to establish that under

correct conditions (low topographic relief, composition and weathering characteristics closely
linked, little surface moisture, and minimal vegetation cover), close associations do exist between

lithology and fan roughness (e.g., hydrothermal alteration of granitic material produced smoother
fan that fan derived from unaltered granite).

Demonstrated, that in most cases, however, fan morphology and lithology are more closely related
to tectonics and fan age rather than directly to bedrock composition.
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Training of graduate students in radar image processing at CSES and partial funding of one Ph.D.
student for SIR-C studies in Sonora, Mexico.

Design, development, and delivery to JPL of the "Radar Analysis and Visualization Environment
(RAVEN)" for analysis of polarimetric radar data. This software is now one of the standard
software products released by JPL to the imaging radar community.

Partial support of a subcontract to VEXCEL corporation to develop model-based techniques and
software for geometric registration and rectification of AIRSAR and SIR-C/X-SAR.

Hosted SIR-C PI Geoffrey Taylor from the University of New South Wales, Sydney, Australia,
from July - November 1994, providing training and assistance for digital processing of AIRSAR
and SIR-C data. Co-authored two papers based on cooperative research.

Significant results of research conducted under JPL Contract 960248 at Analytical Imaging and
Geophysics LLC (AIG) include:

Processing and analysis of SIR-C/X-SAR data for several sites in Death Valley National Park, a
regional study in the Bighorn Basin, Wyoming, and study of one site in Sonora, Mexico, indicate

that the SIR-C data from both SRL-1 and SRL-2 are of high quality and useful for geologic
mapping. Several test sites were analyzed in detail and field reconnaissance verifies image
processing and analysis results.

Efforts towards SIR-C/X-SAR registration indicate that this is basically a non-issue other than the
time and effort involved to perform the picking of ground control points. The two SAP, datasets

can be co-registered to acceptable error limits using standard image-to-image registration
procedures available in many commercial remote sensing packages. Registration of images
synthesized from the SIR-C MLC and the X-SAR MLD standard products is straightforward using
ground control points. Registration of slant-range images synthesized from SIR-C SLC data is not
as easy and errors are larger. It would be better if future multifrequency SAR missions would
deliver inherently co-registered data sets to investigators.

Registration of optical data sets to the SIR-C data is more difficult than coregistration of SAR data,
but still relatively easy. Standard image processing systems can be successfully used to perform
the registrations. Because of the difference in the physics, however (active vs passive), and SAR
artifacts such as layover and foreshortening and radar shadow, it is not possible to achieve the low
RMS errors possible between SAR data sets. Registration for digital analysis requires significantly
more ground control points to achieve the desired registration accuracy.

Standard image processing procedures available in many commercial remote sensing packages can
be used effectively to extract useful geologic information from the SIR-C/X-SAR data. Simple
color composites provided sufficient detail to make predictions that require only limited field
verification. Some of the color distinctions required for interpretation are very subtle. Radar data
simply do not make very colorful images for many geologic environments. This indicates that
significant portions of the information are present in grayscale images of individual bands, which
could just as well be used for the roughness interpretations.

Combined SAR/Optical data sets provide the best way to fully analyze the geology using remote
sensing data sets. For alluvial fans in Death Valley, TM data are useful for providing a general
overview of the geology. It does not adequately delineate the fans. TIMS data are particularly well
suited to determining composition of the fans because of their ability to directly detect silica. In
one case two areas were effectively separated corresponding to carbonates and silica. Fans in the
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carbonatearea,however,werenot well separatedusingonly theTIMS data. The SIR-C/X-SAR
datawere not able to separatethe two compositions. They addedsignificantly to the overall
analysis, however, becausethey were able to discriminate the smooth fans with the same
compositions(bothquartziteandcarbonate).Thecombinationof thesethreedatasetsprovides
powerful tools for lithologic mapping. Theresultsof this researchshowthatthecombinationof
optical remote sensingand radar data provides distinct advantagesfor geologic mapping,
particularlyof alluvial materials.Insightsobtainedduringthisresearcharebeingusedto developa
modelexplainingthedistributionof fansin thenorthernendof DeathValley andtheir relationships
to bedrocklithology andtectonics.

Standardmultispectralimageprocessingproceduresavailablein commerciallyavailableimage
processingsystemswere effective in extracting useful geologic information from combined
SAR/Optical data sets. Simple color composites provided a wealth of detail for visual
interpretationandmapping. Digital analysisandextractionof extendedspectralsignaturesusing
"hyperspectral"analysisproceduresweremoreeffectivein characterizinglithologicvariabilitythan
the multispectral processingtechniques. A proceduretypically used for analysisof imaging
spectrometerdataconsistingof aMaximumNoiseFraction(MNF) rotationand"Pixel PurityIndex
(PPI)"determination,followed by visualizationusingn-Dimensionalscatterplotswaseffectivein
defining lithologic endmembersfor subsequentclassificationandmapping. Theseresultswere
alsousefulin assigningphysicalbasisto colorspresentedon thecolor compositesgeneratedusing
multispectralmethods.

In combination,thesedatasetsprovide complementaryinformation that builds a picture of the
geology;TIMS for rockforming minerals,TM and/orAVIRIS for weatheringproductsandsome
rockforming minerals(carbonate),andSARfor surfacemorphology. Theresultsof thisresearch
aresummarizedfurtherin proceedingspapersandpeer-reviewedmanuscriptslistedbelow.

FUTURE PLANS (FY 1996)

In general, the focus during the remainder of FY '96 will be to use the SIR-C/X-SAR data from

both SRL- 1 and SRL-2 in combination with ancillary data sets to conduct geologic mapping at sites
identified prior to the missions. The emphasis will be on producing refereed publications
illustrating the research results. Specific milestones called for in the contract include the following:

Phase VII (1 April - 31 May 1996)

, Multifrequency/polarimetric analysis of Bighorn Basin, WY SIR-C/X-SAR data
. Comparison of ascending and descending track SIR-C data for Bighom Basin
, Evaluation and processing of 1995 Bighorn Basin AVIRIS
, Submit bi-monthly report summarizing results to JPL

Phase VIII (1 June - 31 July 1996)

° Multifrequency/polarimetric analysis of Bighorn Basin, WY site (continued)
. Comparison of ascending and descending track SIR-C data for Bighorn Basin
° Integration of AVIRIS and SIR-C data for portions of Bighorn Basin site

, Preparation of draft manuscript summarizing selected SIR-C analysis
results for submission to professional journal

, Submit bi-monthly report summarizing results to JPL

Phase IX (1 August - 30 September 1996)
, Co-registration of SIR-C/X-SAR for Palm Valley, Australia Site
, Map registration of TM data for Palm Valley

. Map registration of SIR-C/X-SAR data for Palm Valley
, Combined analysis of TM and SAR data for Palm Valley
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, Submitbi-monthlyreportsummarizingresultsto JPL

FY 1997PLANS

TheemphasisduringFY '97will beon regionalmappingandrefinementof
regionaltectonicandlithologicmodels.Thefollowing summarizesprobable
researchdirections.

. Map referencingandregionalanalysisusingSIR-C/X-SARdata

. Combinedanalysiswith LANDSATTM andotheravailableopticaldata
Refinementof lithologic andtectonicmodels

oFinalFieldCheckingandVerification
. Extensionto othersitesworldwide
. Refereedpublicationssummarizingresearchresults

PUBLICATIONS

Kruse, F. A., 1996, "Geologic mapping using combined LANDSAT TM, Thermal Infrared
MultispectralScanner(T/MS), andSIR-C/X-SARdata,"IEEE Transactions on Geoscience and
Remote Sensing (TGARS), (in revision, 3/96).

Taylor, G. R., Mah, A. H., Kruse, F. A., Kierein-Young, K. S., Hewson, R. D., and Bennett,
B. A., 1996, "Characterization of saline soils using polarimetric SAR data," Remote Sensing of
Environment, (in press).

Taylor, G. R., Mah, A. H., Kruse, F. A., Kierein-Young, K. S., Hewson, R. D., and Bennett,
B. A., 1996, "The extraction of soil dielectric properties from AIRSAR data," International Journal
of Remote Sensing, (in press).

Kruse, F. A., Lefkoff, A. B., and Dietz, J. B., 1993, "Expert System-Based Mineral Mapping in
northern Death Valley, California/Nevada using the Airborne Visible/Infrared Imaging
Spectrometer (AVIRIS)," Remote Sensing of Environment, Special issue on AVIRIS, May-June
1993, v. 44, pp. 309 - 336.

Kruse, F. A., and Lefkoff, A. B., 1993, "Knowledge-based geologic mapping with imaging
spectrometers," Remote Sensing Reviews, Special Issue on NASA Innovative Research Program
(IRP) results, v. 8, pp. 3 - 28.

Ph. D. DISSERTATION

Kierein-Young, K. S., 1995, "Integration of quantitative geophysical information from optical and
radar remotely sensed data to characterize mineralogy and morphology of surfaces," Unpublished
Ph.D. Dissertation, University of Colorado, Boulder, p. 220.

PROCEEDINGS PAPERS

Kruse, F. A., 1996, "Geologic mapping using combined optical remote sensing and SIR-C/X-
SAR data," in proceedings, 1 lth Thematic Conference, Applied Geologic Remote Sensing, 27 -
29 February, 1996, Environmental Reserach Institute of Michigan (ERIM), Ann Arbor, MI, pp.
11-142 - 11-148.
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Kruse, F. A., 1995, "Mapping spectral variability of geologic targets using Airborne
Visible/InfraredImagingSpectrometer(AVIRIS) dataandacombinedspectralfeature/unmixing
approach," in Proceedings,AeroSense 95, SPIE, 17-21 April 1995, Orlando, Florida, (in press).

Kruse, F. A., 1993, "Geologic mapping using integrated AIRSAR, AVIRIS, and TIMS data," in
Summaries of the 4th JPL Airborne Geoscience Workshop, Washington, DC, JPL Publication 93-
26, v. 3., pp. 29 - 32, Jet Propulsion Laboratory, Pasadena, CA.

Curlander, J., Leberl, F., and Kruse, F. A., 1992, "Geometric Ortho-Rectification and Generation

of s-zero Image Products from Multiple Incidence Synthetic Aperture Radar Images," in
Proceedings, IGARSS '92, 26-29 May, 1992, Houston, TX, IEEE Catalog Number 92CH3041-
1, v. 1, pp. 111-113.

Kierein-Young, K. S., Kruse, F. A., and Lefkoff, A. B., 1992, "Quantitative analysis of surface
characteristics and morphology in Death Valley, California using AIRSAR data," in Proceedings,
IGARSS '92, 26-29 May, 1992, Houston, TX, IEEE Catalog Number 92CH3041-1, v. 1, pp.
392 - 394.

Kruse, F. A., 1992, "Geologic Remote Sensing - New Technology, New Information," in
Proceedings, IGARSS '92, 26-29 May, 1992, Houston, TX, IEEE Catalog Number 92CH3041-
1, v. 1, pp. 625 - 627.

Kierein-Young, K. S., and Kruse, F. A., 1992, "Extraction of Quantitative Surface
Characteristics from AIRSAR Data for Death Valley, California," in Summaries of the 3rd Annual

JPL Airborne Geoscience Workshop, AIRSAR Workshop, JPL Publication 92-14, v. 3, pp. 46 -
48, Jet Propulsion Laboratory, Pasadena, CA.

Kierein-Young, K. S., Lefkoff, A. B., and Kruse, F. A., 1992, "Radar Analysis and
Visualization Environment (RAVEN): Software for Polarimetric Radar Analysis," in Summaries
of the 3rd Annual JPL Airborne Geoscience Workshop, AIRSAR Workshop, JPL Publication 92-
14, v. 3, pp. 78 - 80, Jet Propulsion Laboratory, Pasadena, CA.

Kruse, F. A., Dietz J. B., and Kierein-Young, K. S., 1991, (Extended Abst.), "Geologic
Mapping in Death Valley, California/Nevada Using NASA/JPL Airborne Systems (AVIRIS,
TIMS, and AIRSAR)," in Proceedings of the 3rd Airborne Synthetic Aperture Radar (AIRSAR)

workshop, 23 - 24 May 1991, JPL Publication 91-30, pp. 126-127, Jet Propulsion Laboratory,
Pasadena, CA.

Kruse, F. A., and Dietz, J. B., 1991, "Integration of diverse remote sensing data sets for geologic
mapping and resource exploration," SPIE Symposium on Remote Sensing for Geology and
Geophysics, 1-5 April 1991, Orlando, Florida, v. 1492, pp. 326-337.

Kruse, F. A., and Dietz, J. B., 1991, "Integration of visible- through microwave-range
multispectral image data sets for geologic mapping," in Proceedings of the Cinqui/ime Colloque
International, Mesures Physiques et Signatures En T_l_d_tection, 14 - 18 January 1991,
Courchevel, France, European Space Agency, esa SP-319, v. 2, pp. 481-486.

Kruse, F. A., and Dietz, J. B., 1991, "Integration of optical and microwave images for geologic

mapping and resource exploration," in Proceedings, International Symposium on Remote Sensing
of Environment, Thematic Conference on Remote Sensing for Exploration Geology, 8th, 29 April

- 2 May 1991, Denver, Colorado, Environmental Research Institute of Michigan, Ann Arbor, pp.
535-548.
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(AIRSAR) data for Death Valley, California," in Proceedings, International Symposium on
Remote Sensing of Environment, Thematic Conference on Remote Sensing for Exploration
Geology, 8th, 29 April - 2 May 1991, Denver, Colorado, Environmental Research Institute of
Michigan, Ann Arbor, pp. 495-506.
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Kruse, F. A., 1995, Final Report - JPL Contract 958456, Center for the Study of Earth from
Space (CSES), University of Colorado, Boulder, p. 43.

Lefkoff, A. B., Kruse, F. A., and Kierein-Young, K. S., 1993, "Radar Analysis and
Visualization Environment (RAVEN User's Guide, Version 1.0 (Prototype)," Center for the Study
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Relating Radar Back.scatter Responses to Woody and Foliar Biomass of Pine Forests

OBJECTIVES

Demonstrate the use of spaceborne SAR images to detect forest parameters (biomass of different
parts of the canopy).

Increase the understanding of the interaction between microwaves and vegetation canopies.

PROGRESS

Forest studies

The overall objective of forest studies developed in the frame of SIR-C/X-SAR data analysis has
been to assess the capability of multi-incidence polarimetric data for the inversion of forest
biomass, and for the monitoring of deforestation. SIR-C/X-SAR data acquired over Les Landes
Forest test site in France have been compared with a theoretical modeling using a four layer
radiative transfer model [Hsu et al. 1994].

The model has been subsequently used to determine the major contributions of the tree
backscattering mechanisms, but also to def'me the optimal configurations (incidence, frequency,
polarization) accordingly to the objectives (estimation of crown biomass, woody biomass,
LAI .... ).

Among the intensity information (i.e. backscattering coefficients o ° hh, cr* vv, c_° hv), L-band HV

backscattering at 51 has been found to offer the highest sensitivity to biomass content on the range
[0 tons/ha, 150 tons/ha].

Regarding the polarimetric information of the measurement, C-band degree of coherence between
HH and VV signals at low incidence angle (26.4) provided the best results for forest/non forest
segmentation. Based on the C-band coherence, the unsupervised extraction of regenerating forest
has been achieved with an accuracy higher than 85%, while the discrimination between forest and
nonforest areas has indicated an accuracy of 87%. Maps of coherence have been therefore derived,
and compared with the corresponding color composite intensity images. Refined details of the area,
as well as forest/nonforest segmentation have been shown to be emphasized on the coherence
maps, showing complementarity between polarimetric and intensity information for forest
segmentation and for forest parameters retrieval.

Retrieval of soil moisture from SIR-C/X-SAR data

The main objective of soil moisture studies based on SIR-C/X-SAR data analysis has been to
investigate the effect of surface roughness and soil moisture on polarimetric SAR with the aim of
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inverting SAIl dataeither into roughnessstates,or into soil moisturewith a reducedeffect of
surfaceroughness.

Forthis, SIR-C/X-SARdataacquiredduringthefirst andsecondmissionsoverbarefields located
at the Landes (France)and Matera (Italy) test areashave beenanalyzed. In addition, the
dependenceof the copolarizedcorrelation coefficient on the roughnessstate has been also
addressed.In orderto investigatethe effectof polarization,thecorrelationcoefficienthasbeen
derivedfor anypp-qqpolarizationstates,where(p,q) is abasisof orthogonalpolarizations.The
resultshaveindicatedthat thesensitivity of the correlationcoefficient to the roughnessstateis
enhancedatthecircularpolarizationcomparedto theHH-W polarization.

FUTUREPLANS

Forest

ThetechniquedevelopedoverLesLandestestsitefor biomassinversionanddeforestationstudies
will beassessedfor othertypesof forestcanopies.A studyhasbeeninitiatedoveratropical forest
areain Brazil.Thesiteof SenaMadureira,whereextensivedeforestationactivitiesarein progress,
will be of particular interest.The preliminary resultsshow an obviouscomplementbetween
intensity and coherenceimages, but require further ground truth informations to be fully
understood.In addition,polarizationsynthesistechniqueswill beassessedfor theimprovementof
biomassmonitoring.

Soil moisturestudies

The preliminary resultshave shown that the sensitivity of the correlation coefficient to the
roughnessstateis enhancedwhenexpressedin acircularpolarizationbasis,comparedto a linear
basis.Polarizationsynthesistechniquesareexpectedto beusefulfor filtering roughnesseffectsin
thebackscatteringfrom roughsurfaces.

A topic for further studieswill be to derive mapsof soil roughnessbasedon the degreeof
coherenceexpressedin a linear polarization's basis,and subsequentlyto assessthe moisture
inversionproblem,providedthatfull polarimetricdataareavailable.

In addition, within the frame of an IGPB project,SALT (Savanasin the Long Term) project,
transitionsbetweenforestanddesertin WestAfrica havebeenstudied.Theseareasareexpectedto
presentsimilar moisturecontentfrom oneyear to the other,for a given periodof theyear.One
particularityof thesetransitionzonesis theexistenceof inhomogeneousareas,composedof soils
andscatteredtreesof very low density.Thesetransitionzonesrepresentanopportunity to study
radarresponsesof differenttransitionalregions,from sub tropical forestto desert.SIR-C/X-SAR
datarequestedwill concernaSaheltransect.Theresearchtopicsrelatedto thesesubjectswill deal
will responsesof different surfacetypes(i.e. roughnessmapping), aswell asthe modelling of
mixedradarpixels.

Rice

A topic for future studies is the mapping of rice fields in different parts of the world, the
classification of rice fields at various stages of growth.

In the past few years, investigations have been carried out using X-band airborne Synthetic
Aperture Radar (SAR) in France [Le Toan et al., 1989]. The results showed an increase of the

radar backscatter with days after transplantation until a plateau approximately at heading stage. This
increase coincides with the increase of biomass and has been explained by the dominant vegetation-
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waterinteractionscatteringmechanism.Recentstudiesleadin Japan[Kurosuet al., 1995]andin
Indonesia[Le Toan et al., 1995] confirmed this temporal behavior of the radar backscatter.

A theoretical model of scattering from rice plants at different growth stages [Le Toan et al., 1995]
has been developed. The result shows that the specific structure of rice fields (vertical sticks
distributed on a flooded surface) produces a backscattered response critically dependent of the
polarization state. Hence, the use of SIR-C/X-SAR to identify rice fields appears promising.

The aim of the future study will be to study the polarimetric/multifrequency behavior of rice fields,
in order to derive robust methods of rice monitoring.

The investigations will be performed on multitemporal and multipolarization X and C band SAR
images over test sites where rice fields maps are available, including the following steps :

the retrieval of radar backscatter values from SAR images,

the analysis of the polarization and temporal responses of the vegetation cover to highlight the
particular behavior of flooded rice fields and to determine the information carried by
multipolarization,

the interpretation of the observations of rice fields by simulation using a,
theoretical model.

PUBLICATIONS

Souyris J. C., Le Toan T., Hsu C. C., Kong J. A., "Assessment of SIR-C/X-SAR polarimetric
data for the estimation of forest parameters," Conference proceedings Third international workshop
on radar polarimetry, pp. 636-645, Nantes (France), March 1995.

Souyris J. C., Le Toan T., Kong J. A., Hsu C. C., "Inversion of Landes Forest biomass using
SIR-C/X-SAR data : experiment and theory," Conference Proceedings IGARSS '95, pp. 1201-
1203, Firenze, Italy.

Wang L., Johnson J. T., Hsu C. C., Kong J. A., Souyris J. C., Le Toan T., "Application of
neural networks to the inversion of geophysical parameters," Conference proceedings PIERS '95,
University of Washington, Seattle, USA, p. 278, July 24-28, 1995.

Souyris J. C., Le Toan T., Zhang Y., Hsu C. C., Kong J. A., "Inversion of biomass with

polarimetric data from SIR-C/X-SAR," Conference Proceedings PIERS '95, p. 902, University of
Washington, Seattle, USA, July 24-28, 1995.

Hsu C. C., Kong J. A., Souyris J. C., Le Toan T., "Application of radiative transfer modeling to
the polarimetric backscattering of forest," Conference Proceedings PIERS '95, p. 903, University
of Washington, Seattle, USA, July 24-28, 1995.

Hsu C. C., L. Wang, J. A. Kong, Souyris J. C., T. Le Toan 2 Theoretical modeling for
microwave remote sensing of forest, accepted to International Symposium 2 Retrieval of bio- and
geophysical parameters from SAR data for land applications, Toulouse, France, October 10-13,
1995.

Souyris J. C., Le Toan T., Hsu C. C., Kong J. A., 2 Inversion of Landes Forest biomass using
SIR-C/X-SAR data, accepted to International Symposium 2 Retrieval of bio- and geophysical
parameters from SAR data for land applications, Toulouse, France, October 10-13, 1995.
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Mattia F., T. Le Toan,J. C. Souyris,DeCarolis,G., G. Pasquariello,F. Posa,P. Smacchia,N.
Floury, 2 Soil moisture estimation from multipolarization and multifrequency SAR data,
Proceedings IEEE Workshop Retrieval of bio- and geophysical parameters from SAR data for land
applications, Toulouse, 10-13 October 1995.

New publications scheduled

Le Toan T., Souyris J.-C., Hsu C. C., Kong J. A., "Inversion of Landes Forest biomass using
SIR-C/X-SAR data : Experiment and Theory." In preparation. To be submitted to IEEE/TGRS, or
IJRS.

Souyris J. C., T. Le Toan, N. Floury, C. C. Hsu, J. A. Kong, 2 Use of polarization synthesis for
deforestation studies based on SIR-C/X-SAR data analysis accepted to IGARSS "96, Lincoln,
Nebraska.

Le Toan T., J. C. Souyris, C. C. Hsu, L. Wang, J. A. Kong, 2 Microwave remote sensing of
natural targets: theory and experiment, accepted to Agard Symposium on 2 remote sensing, a
valuable source of information, Toulouse, France, 22-25 April 1996.

Le Toan T., Ribbes F., Floury N., Wang L., Kong J. A., Kurosu T. and Fujita M., 1996. Rice
crop monitoring using ERS-1 data: experiment and modelling, Submitted to IEEE Transactions
on Geoscience and Remote sensing.
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Paleodrainages of the Sahara, SIR-C

OBJECTIVES

Use SIR-C/X-SAR data in a synoptic mode with other remotely sensed data, field, and
cartographic data to map relic Cenozoic drainage systems across the Sahara from the Red Sea
Hills, Egypt, to the Chad Basin and Atlantic Ocean.

Demonstrate applicability of SIR data, used with Landsat, SPOT and high-altitude photographic
data, as a new, cost-effective remote geophysical tool for exploration geology.

Produce a major report on the distribution of paleodrainages in the Sahara, their relations to the
basic tectonic elements of North Africa (basins and swells), and their economic potential.

PROGRESS

CDs containing relevant Sahara "Data Takes" have now been received (two key CDs arrived as
recently as mid-September '95). Most CDs containing survey data in areas of interest have been

distributed to our Co-rs. A list of some 50 scenes we have selected for special processing has
been submitted to JPL, primarily for sites in eastern Libya, northern Sudan, and the Sinai
Peninsula, where several promising examples of sand-buried paleodrainage patterns are revealed
by the L-band radar. We estimate that our total request for special processing will be about 250
scenes, when all of the inputs are received from our foreign Co-I's.

We have completed preliminary review of all the Saharan swaths received by the Paleodrainage
Team (to Sept. '95). This was done on the PI's Pentium computer system which allowed the
production of enhanced and scaled survey images at the l:500,000-scale, which were then
registered to 1:500,000-scale Tactical Plot charts of North Africa, provided to us by the U.S.
Army Topographic Engineering Center, Ft. Belvoir, VA. These charts show all of the visible
(surface) drainage systems located by conventional mapping system. By comparing them with the
SIR-C radar images, because of the ability of SIR-C to image into the shallow subsurface in sand
covered areas, we are able to delineate previously unrecognized watercourses. Our ultimate
objective is to produce a map at the largest practical scale (1:2,000,000?) showing the newly found
drainages against a background of those already mapped. This map is expected to have broad
practical applications for water resources, mineral exploration, and land use in several parts of
North Africa. This effort will also make use of the astronaut photography and ERS-1 data.
Extensive collaboration has taken place over the past eighteen months with our foreign Co-I's and

Collaborators, both by fax, e-mail, and in person before, during and after the Uberlingen meeting.
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(1) Data analysis plans and long range plans were discussed and an invitation was extended to our
group to participate in field work in the Sahara with the newly funded German desert team under
the direction of Dr. Stefan Kroepelin, University of Cologne, Germany. New vehicles,
equipment, base camp buildings, etc. are currently being assembled as part of this new project,
entitled "Environmental and Cultural Change in Arid Africa." We intend to follow up on this
opportunity at the earliest possible time (probably Oct./Nov. '96).

(2) Also in Germany, Dr. Joachim Pachur, Free University of Berlin has agreed to take the lead in

investigating the SIR-C coverage of the Wadi Kufra area in southeast Libya. We reported
preliminary work on this river system at the Spring AGU Meeting in Baltimore. A graduate
student of Prof. Pachur (Mr. Frank Rottinger, who attended the Uberlingen Meeting) who will do
his Ph.D. on newly defined paleoriver systems in the southern Sahara will be coming to our
facility in Flagstaff this fall to begin work with SIR-C data. Both German groups have access to
Libya whereas we do not and are happy to defer to them.

(3) Data analysis planning with the French group at the University of Marseilles also took place
after the Uberlingen meeting and we had preliminary discussions about their possible return to
northeastern Chad for various Quaternary studies and visits to key paleodrainage localities that are
also presently out of reach of U.S. investigators for political reasons.

(4) Bahay Issawi, former Director of the Egyptian Geological Survey, spent nine days at the
Sedona office of the P.I. and also visited the USGS offices in Flagstaff. This time was spent
relating the SIR-C data to regional geology of Egypt and preparing the first draft of the paper
submitted to the IEEE Special Issue and demonstrating various data analysis techniques for use in
Egypt. Meetings were also held in Flagstaff with a representative of the Saudi Arabian SIR-C
Paleodrainage Experiment. Plans for a special session on imaging radar results in Egypt were first
formulated. During the time period we also spent much time revising the requirements for our
experiment in order to obtain the best mission plan for possible Sahara coverage consistent with the
needs of other experiments for SRL-2. The overall plan was presented to all interested geology
investigators at the June 19, '94 Team Meeting at JPL.

(5) Carol Breed and the P.I. attended the SRL-2 launch (at our own expense) where we had the
opportunity to discuss the merits of SIR with Dr. John Hansen, Director of Research at the

Topographic Engineering Center, U.S. Army Corps of Engineers, Ft. Belvoir, VA. This led to
further discussions, cartographic support, and a minor amount of funding for a demonstration
project by Carol Breed for the purpose of finding desert water resources. We also helped to
prepare after the mission several PIt captions (particularly SafSaf, Egypt) for JPL.

(6) Briefed the SRL-2 Astronaut Crew (May 4-5) at our facility in Flagstaff on the objectives of
the Paleodrainage experiment and desert landforms in general. This was followed by an overnight
field trip to the Painted Desert east of Flagstaff where they gained visual experience with sand-
filled river channels, wind erosion features, sand sheets and sand dunes. Later in the year (Sept.
23), we met with SRL- 1 astronaut Linda Godwin in Flagstaff to discuss preliminary results of the
first flight and to attend her lecture at Northern Arizona University where our SIR work was amply
referenced.

FUTURE PLANS

As explained above, we anticipate needing an additional 150 to 200 specially processed segments
of SIR-C data, in order to do justice to the data and to take advantage of the field expertise of our
foreign Co-I's and Collaborators. This requirement stems from the areal scope of the Saharan
Paleodrainage Investigation, which covers an area roughly equivalent to that of the USA.
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Prepare a synoptic map (as described above) of the newly defined SIR-C paleodrainages of North
Africa.

Participate in the special conference on North African radar applications as part of the EGSMA
Centennial, and submit paper.

Participate in a field campaign with the newly-formed German desert group (with direction of S.
Kroepelin). Emphasis will be on radar response studies at Safsaf (in cooperation with P.I.G.G.
Schaber) and the applications of SIR-C data to hydrological and archaeological prospecting. One
of the key German radar experts has stated, during training sessions for desert researchers, that the
paleodrainage results were the most significant of the entire mission. We expect numerous
publications to come from this work, both in European and U.S. journals.

We also anticipate close cooperation and multiple publications with our numerous French
colleagues. These will not necessarily be limited to paleodrainage features, but will also include
studies of duricrusts (calcrete, gypcrete, ferricrete), and landscape evolution as a function of the
interplay between running water and wind driven by climate change in the Sahara.
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Determining The Extent Of Inundation On Tropical And Subtropical Floodplains Beneath
Vegetation Of Varying Types And Densities

OBJECTIVES

Develop a procedure for recovering the presence, absence, and patchy presence of water and its
spatial distribution beneath different floodplain plant communities of varying crown closures,
densities, stand geometries, and canopy states for sites in Georgia. Test the applicability of the
procedure to the Amazon and Alligator river floodplains in Brazil and Australia.

Modify, extend, and verify the Santa Barbara radar model for different floodplain vegetation types
and densities.

Test both discrimination procedures and model predictions for leaf-on/leaf-off and water-on/water-
off states against SIR-C/X-SAR and aircraft radar images.

Couple the above modeling and discrimination procedures for floodwater detection and delineation
for input to conceptual flood stage/flood area hydrologic models.

PROGRESS

During Space Radar Laboratory (SRL) mission 1 (April 1994), and SRL mission 2 (October
1994), field teams were deployed to the Manaus Supersite in Brazil, the Pantanal Backup site in
Brazil and a secondary site near Darwin, Australia. Classified images of the central Amazon within

the Manaus supersite were produced within two days of image acquisition during SRL 1 and 2.
These images were used widely by TV and newspaper coverage of the missions. In December
1994, a manuscript derived from these images and associated field measurements was submitted to

the IEEE Transactions on Geoscience and Remote Sensing; it appeared in the Iuly 1995 issue.
Subsequently, analysis has continued on other SIR-C scenes from the central Amazon, Pantanal

and northern Australia. A summary of scenes processed, publications, presentations and planned
publications is shown in Table 1.

SIGNIFICANT RESULTS

Our research has focused on developing techniques for using synthetic aperture radar (SAR) data

to decipher hydrologic and vegetative conditions on floodplains. Knowledge of the seasonal
dynamics of inundation and vegetation is the basis for understanding biogeochemical processes
such as methane generation and for managing resources such as fisheries and other wildlife. Such
information is lacking for most floodplains, particularly in the tropics.

In order to realize the potential for SAR to delineate floodplain inundation and vegetation, robust
classification methods are needed which do not require repeated optimization by scene or date. We
have therefore employed a rules-based approach, using a decision-tree model to construct
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classification rules. Decision tree classifiers are hierarchical multistage classifiers that can use
different predictor variables at different stages of the decision process. The decision-tree
classification approach was developed and tested using JPL AIRSAR data obtained for the

Altamaha River, Georgia. A scene including floodplain and upland was classified using the full set
of AIRSAR variables (HH, VV, HV backscattefing coefficient and HH/VV phase difference for
C-, L- and P-bands) and using subsets of these variables to simulate SIR-C, ERS-1, JERS-1, and
Radarsat datasets. Using the full AIRSAR and SIR-C inputs, error rates (percent of training pixels
misclassified) were less than 5%. In both cases, the decision tree model selected both long and
short wavelengths (C and P or C and L) and both HH and HV polarizations. Error rates were
higher using the JERS input (L-HH only); the overall error rate was 11%. Classifications using
either ERS-1 (C-VV) or Radarsat (C-HH) configurations had error rates over 35%. High
accuracies could be achieved by combining single-wavelength sensors; the overall error rate with a
C-HH plus L-HH combination was only 5%.

The SIR-C/X-SAR missions offered the opportunity to test the ability of multi-frequency SAR to
accurately delineate tropical floodplain inundation and vegetation from space. Because SIR-C data
for our main study area were downlinked and processed during the missions, we were able to test
whether such analyses could be completed very rapidly, as would be required for applications such
as disaster assessment. We also tested whether decision rules based on a combined (two-date)
training set would be significantly less accurate than rules tailored to the individual dates.

During Space Radar Laboratory (SRL) mission 1 (April 1994) and SRL mission 2 (October 1994),
field teams were deployed to the Manaus Supersite in Brazil, the Pantanal Backup site in Brazil and
a secondary site near Darwin Australia. A field team was also in Brazil during August 1994 in
anticipation of the aborted launch of SRL 2. Field measurements in Brazil included ground and
boat surveys and over-flights in light aircraft. Ground measurements of vegetation and hydrology
included estimates of stem density, plant height above the water, phenology, dielectric constants,
canopy closure and water depth. Comer reflectors were deployed to aid calibration of the SAR
data. Helicopter over-flights were conducted during the missions in Australia. In late March

1995, Melack revisited the study area and made ground observations and additional over-flights.
During AIRSAR transects over our Altamaha site in Georgia, USA, flown in October 1994, boat

and aerial surveys were done. SIR-C data were acquired during both Space Radar Lab flights, and
"realtime" data were received at ICESS during the missions for the Barroso study area, spanning
the floodplains of the Negro and Solimoes (Amazon) rivers about 50 km west of their confluence

near the city of Manaus, Brazil. Classified images were produced and tested within two days of
SIR-C data acquisition. In December 1994 , a manuscript derived from these images and
associated field measurements was submitted to the IEEE Transactions on Geoscience and Remote

Sensing; it appeared in the July 1995 issue (Hess et al. 1995, see Table 1). Both C-band and L-

band were necessary to distinguish the landcover types. HH polarization was most useful for
distinguishing flooded from non-flooded vegetation (C-HH for macrophyte vs. pasture, and L-HH
for flooded vs. non-flooded forest), and cross-polarized L-band data provided the best separation
between woody and non-woody vegetation. Between the April and October missions, the Amazon
River level fell about 3.6 m and the portion of the study area covered by flooded forest decreased
from 23% to 12%. Using decision rules derived from the individual scenes, misclassification rates

of test pixels were 3% for April and 4% for October. Using rules based on the combined April and
October datasets, the misclassification rate for the combined test pixels was 5%. This is a positive
indication that it will be feasible to build multidate knowledge on which to base decision rules.

During SRL 1 and 2 we were engaged in public relations activities. Our classified images of the
Amazon floodplain were featured repeatedly by CNN News. Melack gave interviews televised on

Santa Barbara's TV station KEYT, and our research was reported in a full page article in Santa
Barbara's News Press. UCSB highlighted our SIR-C research in its alumni magazine, Coastlines,
and its newspaper to faculty and staff, 93106. Some analysis has been conducted for two other
wetland SIR-C sites: the Pantanal (Mato Grosso do SUl, Brazil), and the Alligator River (Northern
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Territories, Australia) (Hessand Melack 1995). Both sites offer conditions not found in the
Amazonor Altamahasites.The Pantanallandscapeis dominatedby grassesrather than trees.
Someof theaquaticmacrophytecommunitiesfoundat theAlligator River sitearequite different
structurally from thoseat theBrazilian or Altamahasites. For both the PantanalandAlligator
River, we will integrate X-SAR and SIR-C data,which should improve discrimination of
macrophytecommunities.

In order to better understandthe scatteringmechanismsoperatingin flooded and nonflooded
forests, and to predict the effect of changesin forest structurevariableson backscatteringat
different wavelengthsand polarizations,we simulatedC-, L-, and P-bandbackscatterfrom a
tropicalflooded forestusingtheSantaBarbaramicrowavecanopybackscattermodel(Wanget al.
1995). Extensiveforest standdatacollectedat the Anavilhanasflooded forest, a largefluvial
archipelagoin thelower NegroRiver nearManaus,weresupplementedwith publishedvaluesfor
similar foresttypes. Given thesamewavelengthor incidenceangle,theratioof backscatterfrom
the flooded forestto that from the nonfloodedforestwashigherat HH polarization thanat VV
polarization. Given thesamewavelengthor polarization,theratio waslargerat small incidence
anglesthanat largeincidenceangles.Giventhesamepolarizationor incidenceangle,theratiowas
largerata long wavelengththanat ashortwavelength.As thesurfacesoil moistureunderneaththe
nonfloodedforest increasedfrom 10 to 50% of volumetric moisture, the flooded/nonflooded
backscatterratiodecreased;thedecreasesweresmallat C- andL-bandbut largeatP-band.When
theleaf sizewascomparableto or largerthanthewavelengthof C-band,the leafareaindex(LAI)
hada largeeffecton thesimulatedC-band(notL-bandorP-band)backscatterfrom thefloodedand
nonfloodedforests.

The Anavilhanasforest is taller and aboutasdenseasotherAmazonianclosed-canopyvarzea
forestsandigapoforestsonclaysoils; it is significantly taller anddenserthanmostigapoforests
on sandysoils or open-canopyvarzeastands.Comparedto publishedvaluesfor cypress-tupelo
andbottomlandhardwoodstandsof thesoutheasternU.S.,and to seasonallyfloodedMelaleuca
woodlandsof Australia,theAnavilhanasforestis denserandhashigherLAI andbranchbiomass.
The resultsfrom the Anavilhanasmodeling thusroughly bound the high end (i.e. maximum
canopyattenuation)of thespectrumof severalmajor subtropicaland tropical floodplain forest
structures.We thereforeexpectaflooded/nonfloodedratioof atleast2 to 3 dB at small incidence
anglesfor themajority of floodplainforests(whichwouldhavelower canopyattenuationthanthe
Anavilhanasstand),at CHH, LHH andPHH. At CVV, we would expectmuch lesscontrast
betweenfloodedandnonfloodedunlessthecanopywasratheropen.

Melack playeda key role in preparingfor thereviewof NASA's SAR programby theNational
Academyof Science'sCommitteeon Earth Sciences.He chairedand hostedthe SAREcology
workshop,co-editedthe Ecologychapterin the reportto theNAS (KasischkeandMelack 1995)
andco-presentedtheperspectivesof theecologicalcommunitytotheNAS committee.

The researchactivities at UCSB have a major educationalcomponent. The primary teamis
composedof threegraduatestudents(L. Hess,S.FilosoandD. Valeriano)andonepost-doctoral
researcher(Y. Wang),who isnow anAssistantProfessor.Weeklymeetingsconcernedwith SAR
scienceandapplicationsalsohaveincludedotherstudentsandfaculty,andanincreasingnumberof
visitors from abroador theUSA.

FUTUREPLANS

Our researchon inundationandecologyof floodplainsduring thenext two yearswill include(1)
furtheranalysisof SIR-C/X-SARscenesand(2) synergisticuseof multisensordata. Weestimate
thattheseactivitieswill requireabout40additionalSIR-C/X-SARscenes.
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Furtheranalysisof SIR-C/X-SARandrelateddata: During thenextsix monthswewill focusour
analyseson two datasets:SIR-C/X-SARApril andOctoberscenesof theCabalianareachof the
Amazonfloodplainandneighboringuplandscenes,and 1990,1991,and 1994 AIRSAR datasets
for theAltamahaRiver. We haveconductedextensivefield documentationin bothareas.

Resultsfrom theCabalianaanalysiswill beusedto refineandextendourclassificationof aquatic
vegetationandwill becombinedwith our Landsatandpassivemicrowavework (seebelow) to
improveregionalestimatesof methaneemission.Our examinationof uplandforestswill evaluate
the possibility of retrieving information abouttropical forest strucurefrom SIR-C data. Our
measurementsof uplandforeststructureincludestemdensity,basalarea,standheightandcanopy
closureasmeasuredby hemisphericalimagestakenwith videography.Thestudyareashavelarge
tractsof primary forestandstandsof secondaryforestatdifferent stagesof regeneration.Several
band-polarization combinations will be analyzed for developmentof algorithms to acquire
informationon standstructurefrom SARdata. Similar analysishasbeencompletedusingC band
datacollectedduring the SAREX missionfor a study site nearthe Tucurui dam in theeastern
Amazon.

The Altamahasitehasanunusuallylargerangeof floodplain foreststanddensities,andmultiple
AIRSAR swathswereobtainedovera widerangeof incidenceangles. Thesedataare therefore
beingusedto documenthow incidenceangleeffectsonbackscatteringvarywith foreststandtype.
Theseresultswill help in determiningguidelineson appropriateincidenceanglerangesto useat
givenwavelength/polarizationcombinationsfor wetlandsmonitoring.

Thenextstepin our SIR-C/X-SARanalysiswill be to usetheAmazon,Pantanal,Alligator River,
andAltamahadatasetsto determinethedegreeto whichourclassificationalgorithmsareapplicable
to widely varying typesof wetlands,asasteptowardsa global wetlandsmappingstrategy.The
decision-treemodelweareusingis well suitedto thisproblembecauseit is easilyupdatedandcan
include categoricaldatasuchasdate,soil or generalwetland type. Analysis of the multisite,
multidateSIR-C/X-SARandAIRSAR datasetwill allow usto estimaterealistically theaccuracy
achievableandrecommendappropriatestrategiesfor wetlandsmappinginitiatives. Forexample,
Melack is chairing an IGBP workshopdesignedto developa strategyfor producinga global
inventory of inundation and wetland vegetationto be usedin conjunction with hydrological,
ecologicalandbiogeochemicalprojectswithin IGBPandMTPE.

Synergisticuseof multisensordata: Inundationof a floodplainis theproductof thehydrologyof
different water typesthat enter the floodplain. The spatial and temporalpatternsare in turn
influenced by the topography, soils and vegetationof the floodplain. As a result of such
complexity,ecologicalconsequencesof inundationandhazardsassociatedwith floods varyfrom
fiver to river andseasonto season.Our strategyfor investigatingtheprocessesinfluencingwater,
sediment,andnutrient transportto andfrom floodplains is to insure,throughacombinationof
field, numericalsimulation,andremotesensingtechniques,thatwehavehydrologic,geomorphic
and vegetationdataat sufficient temporaland spatial resolutionsto determinethe significant
processesinfluencing the patternof flooding. From a remotesensingperspective,we can
determinethefollowing critical elements:(1) therelationshipbetweeninundationandwaterstage
for predictivemodels,(2) thegeneralpatternof vegetativecover, (3) the degreeof incursionof
different water types,and (4) theseasonalboundariesof inundation. The first elementrequires
fine temporal resolution, as provided by passivemicrowave sensors.The secondand third
elementsrequireoptical(visibleandinfrared)andactivemicrowavedataatsufficientlyfine spatial
resolution that flood characteristicscanbe describedasthe patternchanges.The boundaryof
inundationor saturation(element4)canbemappedusingmultibandSARdata.

To accomplishtheseambitiousobjectiveswehaveinitiatedseveralactivities:We havesuccessfully
proposedto becomeERS-SARandRadarsatinvestigators;hence,wewill receiveampleC-band
data for our study sites in Georgia and Brazil, albeit without funding for data analysis. We are
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participatingin acollaborationwith JPL,theJapanesespaceagency(NASDA), theBrazilianspace
agency(INPE) andtheBrazilianInstitutefor AmazonianResearch(INPA) to acquireandinterpret
JERS-SAR(L-band) datafor the Amazon. Furthermore,deploymentof cornerreflectorsand
collection of secondaryforest biometric measurementsandcanopyclosurevideographywere
conductednearManausin September1994for theacquisitionof calibratedJERS-1dataunderan
agreementbetweenNASDA, INPE andtheBrazilian StateOil Company(Petrobras).Calibrated
datafor this overpassaswell asfor anoverpassat aboutthesametime astheApril SIR-Cmission
havebeenprovided by NASDA anddataanalysisis in progress. With on-goingsupportfrom
NASA, we arecontinuing our applicationof passivemicrowavedata (SMMR and SSMI) to
determineseasonalinundationin themajorfloodplainsof SouthAmerica. In associationwith an
EOSIDS investigation(Staresof INPE andDunneof UCSBandUniv. of Washington),weare
usingLandsatimagery,in partderivedfrom theHumid TropicsPathfinder,to classify vegetation
alongtheAmazonfloodplain.

Our synergisticuseof multisensordatais benefitting from the activeparticipation of Dr. Leal
Mertes,Dept.of GeographyandICESS. Shehasappliedspectralmixtureanalysisof Landsatdata
to detection of sedimentdistributions and floodplain habitats and has developednumerical
simulationmodelsof flooding. As herinterestsin SARhaveincreased,shehasjoined J.Melack
asa Co-I on our ERSandRadarsatprojects. Furthermore,MertesandMelack haveaproposal
pendingwith Hydrological Processesat NSF to fund additionalexaminationof SAR dataandto
combine those results with on-going hydrological, geomorphological, ecological and
biogeochemicalstudies.Additional collaborationis beginningwith Dr. Geoff Henebry(Univ. of
Kansas)in theanalysisof texture in SIR-C/X-SARand Radarsatscenesfrom the Pantanal,and
with Dr. Max Finlayson(ERISS,Australia)in interpretationandapplicationof SAR imageryin
northernAustralia.

TABLE 1: SUMMARY OF ACTIVITIES: JAN '94 - SEP '95

SIR-C DATA ANALYSIS
Scenes
Processed

SRL1 SRL2
Manaus Anavilhanas 4 3
Manaus Cabaliana 5 5
Manaus Barroso 1 1
Pantanal 2 1
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Geosci. Rem. Sens. 33: 896-904.
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presentation, Ecological Society of America Annual Meeting, July 1995, Snowbird, Utah.

Melack, J. M. 1994. Synergistic use of multisensor data for wetland studies. 30th COSPAR
Scientific Assembly. Invited talk-Symposium A3.1 Calibration and applications of satellite sensors
for environmental monitoring. Hamburg, Germany.

116



PlannedPublications

Filosoet al. Foreststructureandseasonalinundationin theAnavilhanasarchipelago,NegroRiver,
Brazil. Vegetation.

Hess et al. Microwave backscattering response of wetland communities of a southeastern U.S.
floodplain as a function of frequency, polarization, and incidence angle. IEEE Trans. Geoscience
Rein. Sens.

Hess et al. Characterizing seasonal changes in vegetation and hydrology on the Amazon floodplain
with the SIR-C SAR. Rerru Sens. Environ.

Hess et al. SAR mapping of wetlands: integrating multiple SIR-C dates and sites.

Ecological Applications

Melack et al. Active and passive remote sensing of inundation on the Amazon floodplain and
regional estimates of methane emission. Global Biogeochemical Cycles or Nature.

Melack et al. A remote sensing-based strategy for a global analysis of wetlands. IGBP workshop
report and an article for EOS.

Valeriano et al. Evidence for detectability of tropical forest canopy closure with C band SAR data:
analysis of SAREX data at the Tucurui dam study site. Int. J. Rem. Sens.

Valariano et al. Detection of forest parameters and canopy closure in central Amazonia using SIR-C
multipolarized data. Rem. Sens. Environ.

Valeriano et al. Analysis of multi-angle, multi-polarization AIRSAR data for detection of forest
structural parameters in a flooded forest in southeastern Georgia. Int. J. Rem. Sens.

Wang et al. Applying decomposition theory to SIR-C wetland sites. Rem. Sens. Environ.

Planned Conference Presentations

Hess et al. SAR mapping of wetlands: integrating multiple SIR-C dates and sites. IGARSS 96.

Melack, J. M., L. L. Hess, and S. J. Sippel. Delineation of flooding by large South American
rivers with active and passive microwave remote sensing. AGU 1995 Fall Meeting, Union Session
on Monitoring of Floods and Droughts with Remote Sensing.

Mertes, L. A. K., D. L. Daniel, and L. L. Hess. Patterns of flooding derived from Optical and
Microwave Remote Sensing Data. Invited paper. AGU 1995 Fall Meeting, Union Session on
Monitoring of Floods and Droughts with Remote Sensing.
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Dr. Frank M. Monaldo

Johns Hopkins University
Applied Physics Laboratory
Johns Hopkins Road
Laurel, MD 20707-6099

Co-Investigator:
R. Beal Applied Physics Laboratory

Optimization of SAR Parameters for Wave Spectra

OBJECTIVES

Maximize the amount of ocean wave information extracted from SAR imagery.

Determine those SAR parameters --- look angle, frequency, polarization, etc. --- which produce
highest fidelity ocean wave spectra.

This project can be considered joint and involves collaboration from the Southern Ocean
experiment (PI: R. Beal, CI: F. Monaldo, T. Gerling), with largely overlapping tasks and common
goals, that is, the application of spaceborne SAR to operational ocean wave monitoring and
forecasting.

PROGRESS

With both the SRL-1 and SRL-2 missions, we have acquired a SAR wave imaging and
comparison data set more than two orders of magnitude greater than in any previous U.S. SAR
mission. The SRL data set is all the more unique and valuable to us, since it was acquired at both a
low altitude and low off-nadir angle. These are both necessary conditions for any future free flyer
dedicated to global ocean wave monitoring. The data set for our SRL investigation consists of:

Over 100,000 SAR Image Spectra over the Southern Ocean from the real-time APL SAR
Processor: 45,000 from April, and 55,000 from October.

Eighteen precision, high resolution SAR imagery data-takes correlated by NASA/JPL, both over
the Southern Ocean and over the North Atlantic.

Numerical wave model (WAM) nowcasts for the periods covering both April and October
missions, from both the US Navy Fleet Numerical and Meteorological Center (Monterey) and the
European Centre for Medium Range Forecasting (ECMWF)(Reading).

ERS-1 SAR derived wave spectra from the Max Planck Institute covering the entire globe for the
time intervals of both the April and October missions.

APL Processor SAR Data

Aboard the Endeavour, an APL-built processor correlated SAR imagery from the SIR-C C-band

HH-polarization signal and produced image spectra which were transmitted to the ground in real
time. More than 100,000 image spectra from the APL-processor were stored from 120 data takes
in SRL-1 and 126 data takes in SRL-2. The wave spectra cover most of the Southern Ocean from
45S to 60S. The data set includes measurements where the ocean significant wave height varied
from near zero to over 12 m, spanning nearly the full range of naturally occurring sea states.
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NASA Precision,High-ResolutionData

SAR signaloutsidethesouthernoceanswasacquiredin theNortheastAtlantic supersite.During
SRL-1 andSRL-2,20and 18datatakeswereacquiredfrom the NortheastAtlantic, respectively.
We now have,in housefrom SRL-1,precision-processedmultilook datafrom thefollowing data
takes: 19.20, 31.30, 35.30, 35.3, 47.10, 51.6, 63.10, 79.00, 83.40, 95.3.,110.0, 127.10,
131.5, 143.10.

Weplantorequestasimilardatasetfrom SRL-2. Unlike thefirst dataset,weplanto ordersingle-
look complex data to allow for the application of more advancedspecklenoiseelimination
strategies.

WAM Nowcasts

During SRL-1 and SRL-2, the Navy'sFleetNumericalOceanographyandMeteorologyCenter
(FNMOC)retainedthenowcastspectramadefrom their versionof theoperationalWAM forecast
model. An analogouscomparison model data set is also available from ECMWF through
collaboratorsattheMax PlanckInstitute(Hamburg).

ERS-1SARImagery

Giventhebroadgeographicalcoverageof datafrom theAPL processor,thereareat least30times
in eachmissionwhen ERS-1wavespectraandAPL-processorimagespectrawerelocatedless
than50km apartandacquiredwithin onehourof oneanother. Looseningthecolocationcriteria
only slightlywill producemorethan100suchcomparisonssets.

SIGNIFICANT RESULTS

Using real-timeAPL-processordatareceivedat JohnsonSpaceCenter,we mergedSAR wave
vectorestimatesover the SouthernOceanwith wavevector forecastsfrom FNMOC anddaily
placedthecombinedproductsonaWorld WideWebsite.During themission,thesitewasvisited
morethan150timesby investigatorsfrom asfar awayasSouthAfrica andAustralia.This effort
demonstratedthepotentialof providingwaveinformationfrom spaceborneSARquicklyenoughto
beusefullyassimilatedinto waveforecastmodels.Thesite

ftp://fermi.jhuapl.edu/sirc/sirc.html

currently shows recentdataand analysesfrom the SRL missions.In the past year, we have
processedimagespectrawith only asimpleSARmodulationtransferfunction. Eventheseresults
show quality retrievalsof wavedirectionand wavelength. In thefuture, we will employmore
sophisticatedretrievalschemesthatmaypermittheaccuratemeasurementof oceanSWHaswell.

FUTUREPLANS

Giventhetotalityof theSIR-Cimagespectra,ERS-1SARspectraandWAM modelestimates,we
intendto 1)makeadefinitivedeterminationof whatoceanwaveparameterscanbeextractedfrom
spaceborneSARsand with what accuracy,2) specify the SAR satellite configuration which
optimizesthis retrieval,and3) to demonstratewith a statisticallysignificantdatasetthevalueof
SARfor improvedglobalwaveforecasting.

We arecurrentlycollaboratingwithWilliam Plant,whowhile avisiting scientistat theMax Planck
Institute this last year, applied nonlinear retrieval algorithms to estimatewave spectrafrom
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coincident SIR-C and ERS-1data. We expect to submit a joint paper in the upcoming year,
documentingthecomparisonof ERS-1andSIR-Cderivedimagespectra.

We intendto extendouranalysisto theNorthAtlantic, multipolarizationandmultifrequencydata
set usingthe precision-processedSAR datato confirm the relativecontributionsof the various
waveimagingmechanisms.In addition,wewill usethedatato testmoresophisticatedschemesto
alleviatetheeffectsof specklenoisein theSARimage.

We intendto makeasystematiccomparison,wavesystemby wavesystem,to ascertainsystematic
differencesbetweenWAM modelwaveestimatesandSIR-Cmeasurementsfor theentireSouthern
Oceandataset. We will thendeterminewhetherthesedifferencesaredueto input wind field
errors,modelproblemsand/orSARwaveimaginglimitations.

PUBLICATIONS

Monaldo, F. M. and R. C. Beal, Real-Time Observations of Southem Ocean Waves Fields from

the Shuttle Imaging Radar, IEEE Transactions on Geoscience and Remote Sensing, vol. 33, No.
4, pp. 942-949, 1995.

Beal, R. C., S. F. Oden, J. L. MacArthur, and F. M. Monaldo, Real Time Ocean Wave

Monitoring from Space: A Thirty Year Quest Achieved, Johns Hopkins APL Technical Digest,
vol. 15, No. 3, pp. 237-241.

Monaldo, F. M. and R. C. Beal, SRL Real Time Wave Forecasting in the Southern Ocean, Proc.
1995 International Geoscience and Remote Sensing Symposium, Florence, Italy, July, 1995.

Plant, W., S. Hasselmann, C. Bruning, R. Beal, and F. Monaldo, Comparison of Ocean Wave
Spectra from a Non-linear SAR Inversion Scheme using ERS-1 and SIR-C Data Sets, Proc. 1995

International Geoscience and Remote Sensing Symposium, Florence, Italy, July, 1995.

Geding, T. G and P. A. Wittmann, Comparison of SAR-estimated Wave Spectra with WAM
Model Estimates During the SRL Southern Ocean Experiment, Proc. 1995 International
Geoscience and Remote Sensing Symposium, Florence, Italy, July, 1995.

Wittmann, P. A., R. M. Clancy, and R. C. Beal, FNMOC Supports Wave Modeling Around the
World and into Space, Naval Meteorology and Oceanography News, July 1995.

Beal, R. C., The SRL Real Time Wave Forecasting Experiment and its Implications for a Future
Satellite Design, invited seminar to NOAA/NESDIS, 15 December 1994.

Beal, R. C., The SIR-C Real-Time Southern Ocean Experiment, invited seminar to the Max Planck
Institute for Meteorology, 6 July 1995.

Beal, R. C., Ocean Applications of Spaceborne SAR, invited presentation at the US-ROC Oceanic
Microwave Remote Sensing Workshop, U. Delaware, 16 August 1995.
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Co-Investigators:
JulianC. Holtzman Univ. of Kansas

Inflight AntennaPatternMeasurementfor SIR-C

OBJECTIVES

Obtaintheverticalantennapatternsof theSIR-Cradarsto allow improvedradiometriccalibration
of datafor otherinvestigators.

To determinehow muchthevertical antenna pattern changes after launch to aid in designing future
space radars and to determine if such measurements are needed on all future space radars.

PROGRESS

The University of Kansas Radar Systems and Remote Sensing Laboratory is studying the
elevation pattern of the SIR-C and X-SAR antennas using backscatter from homogeneous targets.
Specific passes were requested and obtained over the Amazon rain forest, the world's largest
homogenous flat forest area. In addition, passes over the Amazon area requested by other
investigators are useful for this purpose.

We now have patterns for both SIR-C and X-SAR antennas from some of the SRL-1 passes, but
not all. The patterns obtained are for a limited set of conditions because the antenna has many
modes (VV, HH, HV, VH at each frequency of SIR-C, with 10 beam-spoiling modes). Too few
passes are available to test the various beam-spoiling modes. For X-SAR, which has only one
mode, we have a complete pattern and published the results {Fang and Moore, 1995 }.

The X-SAR pattern obtained is close to that used in correcting the data. For some SIR-C modes
the pattern is close, but not as close as the X-SAR in most cases. For the one beam-spoiled mode
we have studied, there is a major inconsistency between

* beamwidth in tape header,
* beamwidth from radiometric correction table,
* beamwidth from our calculations.

For no beam spoiling, we find differences between our measured one-way pattern and the
radiometric table up to about 1 dB at the edges of the swath.

SIGNIFICANT RESULTS

The use of radar returns from large homogeneous areas requires selection of areas that are flat and,
at least in the average, uniform in content. They should be fiat so that slope effects on radar
backscatter do not distort the data. The Amazon rain forest is the largest flat, homogeneous area in
the world, so it was selected as the primary area for pattern determination. However, images of
the rain forest show that low hills occur in some places, and in this case, we exclude the hilly areas
from processing.
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Areasthatarelargelyhomogeneousfrequentlycontainregionswith signalsgreatlydifferentfrom
theaverage;examplesarewaterbodiesandcities. We removetheeffectof theseby preparinga
histogramof the signals. If the histogramis multimodal, with a low modefor water, a large
centralregion,andpossiblya highmodefor cities, thepoints in theupperandlower modesare
excludedfrom theanalysis.Someimagesshowrivers thatareat essentiallyconstantrange;these
cannotbeusedbecausetheriver returnat agivenrangewould leaveto few forestreturnsto geta
valid pointatthatrange.

We thenaveragetheremainingdatain longstrips;eachstrip is 100-1000m wideandaslongasthe
usefulpartof the image(typically tensof km). Eachstripcorrespondsto aparticularangleoff the
beamcenter.The averagepowerin thestripsis thenplottedvs.beamangle. At this point we fit
thedatawith anappropriatefunction. Althoughwe haveusedquadraticandquarticpolynomial
fits, thebestfit comesfrom aform

G(f) = d cosb [c(f-a)].

The best-fit function is then used to determine the beamwidth, This can be compared with the
beamwidth given in the tape header. Moreover, we can plot the pattern using this beamwidth and
the theoretical shape to find how the measured pattern deviates from that reported in the header.

A third pattern source is available; the radiometric correction table used in processing the data.
This is also provided on the tapes. We also plot and measure a beamwidth for this information.
By plotting all four curves (measured, fit to measured, header-stated, and radiometric correction),

we can compare results at each angle in the beam to see how large errors might be using one of the
curves based on preflight measurements and calculations.

Table 1 summarizes the results for SIR-C for SRL-1. The beamwidths are reasonably close, but
never identical for LVV and LHH with no beam spoiling. They are not quite as close for C-band.
Note that our beamwidths are smaller than the header beamwidth for L-band, but larger for C-
band. The only beam-spoiled pass we had available was 78.60. The differences between the three

beamwidths are quite large for this case. It appears that the header value may have been taken from
a beam-spoil-zero mode table, whereas both measured and radiometric correction beamwidths are
more than twice as large as that reported on the header. Note also that the differences between

measured and radiometric correction beamwidths are rather large in this case, suggesting that the
correction was inadequate at the edges of the beam.

Fig. 1 shows one of the better cases, where the three fits are not far apart. Even here the difference
between our measured pattern and the radiometric correction is about 0.6 dB at the edge of the
beam (2-way difference would be 1.2 dB).

Fig. 2 shows the bad beam-spoiled case. The difference between our pattern and the radiometric
correction is not too bad, but the pattern based on the header is not even close. Unfortunately, this
only beam-spoiled case was for a rather narrow swath (in terms of percent of the beam width), so

the fits over the entire beam are not as reliable as they would be if the data covered a wider part of
the beam.

We requested SRL-2 tapes, but have not received any to date.

The same method was used to determine the X-SAR pattern. The results were very close to the
predicted pattern, as shown in our paper (Fang and Moore, 1995). X-SAR images were obtained
for all passes for which SIR-C images were requested. However, some of them were not usable.
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TheSIR-Cpatternsweobtainedfor SRL-1aremoderatelycloseto thosefrom thebeamwidthsin
thetapeheadersandtheradiometriccorrectiontableswhenthereis nobeamspoiling. For theone
beam-spoiledtape available, the beamwidthin the headeris obviously very wrong, and the
radiometric correction differs quite a bit from our measuredpattern. Basedon this limited
information,we would warnusersthatbeam-spoileddatamayhavepoor radiometricquality. A
reporthasbeenpreparedthatgivesthedetailsof theseresultsandcomparisons.

ThemeasuredX-SAR patternsfor SRL-1agreewell with thevaluesusedin dataprocessing.As
with SIR-C, wehaveno datatapesprocessed.Sometapesarrivedjust asthis reportwasbeing
written.

FUTUREPLANS

We planto obtainascompletea setof patternsaspossiblefor theSRL-2mission. We also plan to
revisit SRL-1 to determine if suitable non-Amazon targets will let us get patterns for different
beam-spoiling modes. This may be difficult, as most of the supersites fail either the homogeneity
test or the flatness test, or both.

A main purpose of this effort is to improve the radiometric data for other users. We hope that our
first report will allow some modification to the patterns used for no beam spoiling. We have
insufficient data to help much for passes where beam spoiling was used, but at least we can
provide information that serves as a warning to users of such data. We intend to publish a short
paper on the preliminary results after JPL personnel have had a chance to review the report.

We plan to process all of the SRL-2 data, when they become available, as we did the SRL- 1 data.
We will then prepare reports and papers presenting the results.

Because of the paucity of C-band data and data with beam spoiling, we will devote special effort to
identifying passes at C-band with various polarizations from other possible useful targets. We will
also try to find passes with beam spoiling in
areas that may allow pattern determination.

PUBLICATIONS

Fang, Y., and R. K. Moore (1995), "Inflight Vertical antenna Patterns for X-SAR from Amazon
Rain-Forest Observations," IEEE Trans. GRS, vol. 33, pp. 1083-1085.
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One-Way Elevation Pattern for SIR-C Antenna

I I I I

+ Our Pattern (Before Fitting)

Our Pattern, 6---dB Beam Width=8.95

-- JPL Pattern, 6--dB Beam Width=9.83

-" JPL 6-dB Beam Width in Header File=9.57

(pattern constructed according to cos^2 model

Pass ID - Prod. No: 39.60 - 11390
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Fig. 1. A case where fits are not far apart.

125



+ OurPattern(BeforeFitting)
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- JPLPattern,6-dBBeamWidth=31.36
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Fig. 2. The bad _eam-spoiled case.
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Table 2. Data Used from SRL-1 and Ordered for SRL-2

Frequency

SRL-1 DATA

L

C

X

SRL-2 DATA

L

C

X

Beam Spoil Mode

0

6

0

3

4

0

Polarization

VV HH

2 3

2 2

1 2

3

3 5

1

3

2

9

Cross
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Planetary Geosciences Division
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University of Arkansas
University of Arkansas
University of Arkansas

Eruptive Styles Of Basaltic Shield Volcanoes From Shuttle Imaging Radar-C (SIR-C) and X-SAR
Data

OB JEC'ITVES

To provide a comprehensive understanding of the distribution of volcanic materials on classic
examples of balsaltic shield volcanoes in Hawaii, Reunion Island (Indian Ocean) and Galapagos
(Eastem Pacific).

Interpret the preserved eruptive history of each volcano, draw contrasts between each test site in
terms of the role of the tectonic setting on basaltic volcanism, and make inferences about the
internal structure of the volcano and its magma chamber.

PROGRESS

Since the SRL-2 mission (October 1994), we have recognized the importance of the repeat-orbit
phase of the mission for conducting new volcanological research with interferometric radar data.
Over the last eight months we have therefore undertaken a vigorous program to develop our own
interferometric SAR processing scheme at the University of Hawaii through a close collaboration
with Howard Zebker and Paul Rosen at JPL. The processing scheme that we have developed is
based on a program in use at JPL, and on the mathematics outlined by Curlander (1991). From
raw SIR-C data we can now construct images, co-register repeat-pass images, produce
interferograms between images, unwrap interferogram phase, and minimize baseline uncertainties.
We have performed the mapping from interferometric phase to topography, and calibrated the

topography to produce digital elevation models. Our ultimate processing goal, which we expect to
reach by the end of 1995, is to use repeat-pass interferometry to produce quantitative phase
correlation maps in order to describe surface change on volcanoes such as Kliuchevskoi
(Kamchatka). Our interferometry work in Hawaii mirrors studies conducted at JPL, and we have

collaborated on one of their papers (Zebker et al., submitted to Science) on the surface changes due
to the emplacement of new lava flows at Kilauea volcano during SRL-2 (see Fig. 1).

For test data we have worked with SIR-C data for our "Super Site" on Isabela Island (Galapagos).
Figs. 2 and 3 demonstrate our current capabilities to perform this interferometry work, which

allows us to go from the raw data to a DEM. This DEM is being used to study the relationship
between lava flow widths and slopes (a good indicator of changing lava flow rheology) as well as
test our phase unwrapping algorithms for SIR-C via a comparison with the TOPSAR DEM that
was obtained as part of the 1993 South America deployment of the NASA DC-8 aircraft. As our
SIR-C investigations advance from algorithm development to scientific application, we shall
concentrate on creating images and DEMs for Kliuchevskoi, Taal (Philippines), the Virunga Chain
(Zaire), and Piton dela Foumaise (Reunion Island), and on deformation mapping of Kilauea and
Kliuchevskoi. For the Galapagos, by comparing DEMs from SIR-C data with pre- and post-
eruption SPOT images (together with TOPSAR results), we will investigate topographic control of
lava flows.
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As a parallelactivity, weexpectto beableto demonstratewithin afew monthsafully-functional
SARprocessingschemetogetherwith full satellitedownlink capabilities(usingour own X-band
groundstation). With thecapabilityto processSIR-Cdata,andwith theability alsoto downlink
ERSandJERSdata,we will be in a goodpositionto supportany future NASA radarmissions,
includinganySRL-3or TOPSATmission. Thisuniversity-basedcapabilityshouldbeparticularly
usefulasNASA attemptsto find low-costmethodsfor radardatareceptionandprocessingin order
to fly thesefuturemissions.

We haveobtained11datatakesoverHawaii (includingMaunaLoa,KilaueaandHaleakala-- all
placeswherewehaveon-goingresearch),and31datatakesoverothervolcanoes.As part of this
investigation,a total of 27 interferometricdatasetshavealso beenobtainedor are requested,
making 69 data requestsin all. Currently, we have researchunderwayusing SIR-C data to
investigatetherelationshipbetweenextensionaltectonismandvolcanismat ErtaAle (Ethiopia),the
structureof Taal calderaand the regional distribution of volcanic land forms in the Virunga
volcanicchain. TheVirungachainincludesNyamuragiraandNyiragongovolcanoes,andgivesus
theopportunityto studytheradarscatteringproperties,thenoisefloor of theradardata,andthe
radarsystemcalibration in anareawherethedistributionof flow typesandvegetationis poorly
known, therebybuilding onourexperiencewith SIR-Cdataat Kilauea. We haveSIR-Cdatafor
theVirungaChainthat wereobtainedat threedifferentpulsebandwidthsandtwo look-directions,
and haveon ordera SPOTmultispectralimagefor the samearea. In addition to describingthe
volcanologyof this area,wewill alsostudytheeffectsof differentpulsebandwidthsfor mapping
thenumerouscinderconesandlavaflows in thisrarelystudiedarea.

SIGNIFICANT RESULTS

As we work through the radar interferometry data sets, we are starting to see some fascinating new
things. Our paper (Zebker et al., submitted to Science) shows for the first time how an orbital

radar can be used to measure the daily change in area of new lava flows on Kilauea volcano,
Hawaii. Such data provide new insights into the eruption characteristics of the volcano, and the
growth of lava flow fields. By approximating the average thickness of the flow to 50 cm, we have
estimated an average effusion rate of -2 cubic meters per second over the four-day observation
period. Furthermore, the derivation of the phase correlation maps (needed to detect new lava flow

surfaces) also revealed some unexpected phenomena that we believe are due to atmospheric
moisture. This was totally unexpected, and we plan to process additional interferometry pairs as
fast as we can in order to search similar phenomena in different climatic settings.

As a part of our efforts to educate the volcanology community on the value of orbital radars, and

SIR-C in particular, we have published a general review (in Earth Observation Quarterly) of radar
interferometry in volcanology, and have a review article in press in IEEE Trans. Geosci. Rein.

Sen. The P.I. has also served on the NASA NRC Review Panel (John McElroy, Chair)
advocating a new NASA interferometric radar mission. Invited papers on the SIR-C results have

been given at the 1994 GSA meeting (Seattle) and the 1995 IUGG General Assembly (Boulder,
CO). Another review will be given at the All-Union special session on "Radar Interferometry" at
the Fall 1995 AGU meeting in San Francisco.

Surface change at Kliuchevskoi volcano, Kamchatka, during the October 1994 eruption. As luck
would have it, there was a major explosive eruption of Kliuchevskoi volcano five hours after the

launch of SRL-2. While most of the explosive activity took place during the early parts of the
mission, pyroclastic flows and mudflows were reported during the repeat-orbit phase of the
mission between October 7th - 10th. We are currently processing these interferometric data to

search for surface change. If we find any, we will place these results into the general context of
the eruption with the aid of reports made by other volcanologists on the ground and images taken
by the SRL-2 crew during the mission. This work is in an early phase, but will be submitted to
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BulletinVolcanologyeitherasacompletestudy,or asacomponentof apaperon theuseof radar-
deriveddigital elevationmodelsandsurfacechangedetection.

For our GalapagosSuperSite, we have used the SIR-C data to help with the mapping of
Fernandinavolcano,particularlyin determiningflow types. Thegoalof thisprojectis to determine
thelong-termmagmaproductionratesanderuptionpatternsof thevolcano. This isbeingdoneby
mappingthe distribution of flows of variousrelativeages,mappingthedistribution of eruptive
vents,andby calculatingthevolumesof theflowsof thesevariousages.Calculatingthevolumes
requiresknowledgeof theflow thicknesses,andthis is wherewe areusingTOPSARdata. Sofar
only the volumes of the youngest flows have been determined,and they total 25.5 cubic
kilometers. Theyhavebeenpreferentiallyeruptedfrom theupperandlower SEandN'W flanks.
Oneresultof havingthegoodtopographyis thatit hashighlightedthefactthatthereareessentially
no eruptiveventson thesteeperslopes,which no doubtreflectssomeaspectof the stressfield
within thevolcanicedifice. This work is beingpreparedfor publicationin thespecialSIR-Cissue
of J. Geophysical Research.

FUTURE PLANS

Our plans for the next two years are heavily focused on the analysis of the interferometry data,
both for the detection of surface change and atmospheric effects (i.e., analysis of the phase
correlation data) and on the derivation and analysis of the digital elevation models that we will
produce. We have a specific set of priorities and collaborations planned for these studies and
intend that each of these investigations will result in a manuscript being submitted for publication:

Kliuchevksoi volcano, Kamchatka (SRL-2 data takes 121.10, 137.10, 153.10 and 169.20, all of

which are in-hand). We wish to study the later parts of the eruption, searching for evidence of
moving pyroclastic flows, mudflows, and the waning phases of the eruption plume. Quantitative
decorrelation maps will be produced from the SRL-2 data collected on October 7th, 8th, 9th and

10th, 1994 to show how the flows may have moved on a daily basis. Through this study we hope
to learn more about the emplacement of these flows -- we expect to see changes not only at the
leading edge but also in the up-slope parts of the flow if the flow is a mudflow that remained fluid

during to the release of melt water from the snow-capped peak of the volcano, as suggested from
our inspection of the accompanying hand-held photography obtained by the crew of STS-68.

Morphology and structure of the Virunga volcanic chain, Africa (SRL-2 data takes 154.90 and
170.90). These data encompass virtually the entire Virunga volcanic field, including the recently

active Nyiragongo volcano of Zaire. Parts of Nyamuragira volcano lie within the interferometry
pair, and all parts of the volcano were imaged as part of the multilook data (SRL-1 DT 58.60,
171.10, SRL-258.61 and 154.90). We plan to produce a DEM for the eastern area of the Virunga
volcanic field, which includes the Karisoke Research Center -- home of the endangered mountain
gorillas -- and to use this DEM to study the distribution of the maar volcanoes in this area as a
function of elevation. Here we wish to use the elevation data to help us remotely discriminate
between cinder cones ("dry" eruptions at relatively high elevations) and maar cones ("wet"
eruptions at lower elevations) close to nearby Lake Kivu; there are many dozens of cones
surrounding the main volcanoes and we hope to deduce some structural aspects of this mono-
genetic volcanic field through a study of cone volume and size of the summit craters. In addition,
there are some unusually thick lava flows on some of the volcanoes that can be seen in the

multilook data; we want to measure their slopes on the DEM to help with rheological studies of
flows. Nyiragongo and Nyamuragira are characterized by extremely fluid lava flows that can
travel long distances very quickly, posing an extreme hazard for nearby populated areas, such as
Goma (and the surrounding Rwandan refugee camps). Also, the formation of Lake Kivu has

heightened the risk of explosive activity due to magma/groundwater interactions. Although
volcanic hazards mitigation is largely beyond the scope of this study, SIR-C data can provide the
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basisfor geologicmapsof theregion,particularlyin otherwiseaccessible areas. This study will
provide a regional context for field observations that can be used by other investigators to further
understand the past behavior and future risks in this area.

Structure of Taal volcano (SRL-2 data takes 126.30, 142.30, and 158.30 all of which have already
been requested). In collaboration with Dr. Stephen Self (Univ. Hawaii) and Dr. R. Punongbayan
(Philippine Volcano Observatory), we plan to create a digital elevation model of Taal volcano in

order to investigate the structure of southwestern Luzon island, Philippines. Detailed knowledge
of the topography will greatly aid our analysis of the erosional characteristics of the ignimbrite
sheets that dominate the area surrounding Taal caldera. Some areas of deeply eroded (steep
l?pes?! and other areas of relatively shallow valleys (lower slopes?) can be identified in individual

-_.. images. Our main study area is the Taal ignimbrite sheet north of the caldera, which is
extremely difficult to map on the ground due to dense vegetation and the lack of roads.

Piton de la Fournaise, Reunion Island was our third original SIR-C/X-SAR target. During the last
3 months, we have been discussing with Jean-Francois Lenat (Center for Volcanology Research,
Clermont Ferrand, France) the possibility of detecting changes in the large-scale morphology of the
volcano between 1990 (when he produced a DEM of the volcano using SPOT stereo data) and
1994 (the SRL-2 interferometry pair from Data Takes 146.60 and 162.60, both already requested).
Because this volcano erupts almost every year, there is a good possibility that we will be able to
detect differences in the volume of the summit crater and/or flank flows. This will also be a
valuable test for comparing DEMs produced from photogrammetric data with DEMs derived via
interferometry methods.

We have had several requests for producing digital elevation models of other volcanoes, partly in
support of our EOS interdisciplinary investigation, and partly to assist our colleagues in the
international volcanology community. Mt. Etna (SRL-2 data takes 141.10 and 157.10 both
requested) is a key area of interest for Dave Pieri and Vince Realmuto (both at JPL) and Dave

Rothery, John Murray and Bill McGuire (all in England). Detailed knowledge of the topography
of Etna is required for rheological studies of the numerous lava flows on the flanks, as well as for
sulfur dioxide retrievals using TIMS data. Ray Punongbayan is very interested in the production

of a DEM of Pinatubo (SRL-2 data takes 126.30, 142.30, and 158.30) because of the continuing
hazards due to lahars on this volcano. Vesuvius (DT 130.40, 146.40, and 162.40 all requested) is
a high priority for Italian and German members of the X-SAR Team, since they wish us to produce
a DEM using our code that can then be compared to their result. In addition, we already have a
TOPSAR DEM for Vesuvius, and will take this opportunity to compare our SRL-2 topographic
map with these aircraft measurements.
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StudentsSupported:
Ph.D.dissertationcompleted:

"FrequencyAnalysisof SAR: Optimizationfor ImagingUnvegetatedLavaSurfaces"C. M. Ting,
Ph.D. Dissertation,Universityof Arkansas,May 1995.

M.S.E.E.thesiscompleted:

"Multi-resolution Decompositionof RadarImagesUsingWaveletTransforms"S.Ramamurthi,
M.S.E.E.Thesis,University of Arkansas,December1994.

Ph.D.dissertationin progress:

Title: TBD. J.F. Hug,University of Arkansas,September1996(projected).

MSc dissertationin progress:

Title: TBD. S.Siddiqui,Universityof Hawaii,December1996(projected).
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Figure1:

Figure2:

Figure3:

Figure Captions

Radar detection of surface change at Kilauea volcano, Hawaii, during the repeat-
orbit phase of the mission. Top left: panel shows the lava flow field down slope of
Pu'u O'o volcano on October 9, 1994. Arrows connect parts of the flow field to
the same areas on the radar phase diagram. Top right: Details of active flow;
arrow connects this flow to the same area seen in the radar phase image. Flow
thickness is about 50 cm. Bottom three panels show radar phase correlation maps
for period October 7-10 for the three 24-hour periods indicated. Zero phase
correlation corresponds to the three active flow fields (Flow regions 1, 2, and 3).
Other areas that are decorrelated are the vegetated slopes of the volcano.

Examples of the radar processing capabilities that have been developed at the
University of Hawaii. Input data are the raw reformatted signal data provided by
JPL. We can process these data to produce the SAR backscatter image (top left),
create a raw radar interferogram (top right), display these two data sets together
(bottom left) and generate a digital elevation model via our own phase unwrapping
algorithm (bottom right). The test data that we display here are for part of Alcedo
volcano, which is a part of our SIR-C supersite in the Galapagos Islands.

Oblique perspective view of Alcedo volcano, Galapagos Islands, generated by
combining our in-house produced DEM and the radar backscatter image. View is
from the northeast.

133



_u.

U.I
LI..
_Z
LU,_
l----

rr< C

U.I
m

I.l.I
m
0
I--

Z
o

134



SRL-2 INTERFEROMETRY
ALCEDO VOLCANO, GALAPAGOS

SAR BACKSCATTER RAW INTERFEROGRAM

HEIGHTS& BACKSCATTERIMAGE

Figure 2

CONTOURS

UNIV, HAWAIi: SAR PROCESSING TF.AM
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Prof. Pasquale Murino
Instituto U. Nobile
Piazzale V. Tecchio, 80

80125 Napoli, Italy

Co-Investigators:
Lucio Castellano
Luciano Russo
Mario Ferri

SIR-C/X-SAR data analyses in Campania Test Site

OBJECTIVES

The overall objective of this investigation is the evaluation of SIR-C/X-SAR data
collected over the Campania test site in geological analyses.

Specific objectives include the following:

To determine effective procedures to process SAR data to extract information useful in
geological analyses, in particular lithology mapping;

To evaluate the relative utility of multifrequency quad-pol SAR data in morpho-
structural analyses.

In particular a processing algorithm based on a covariance matrix approach, which
permits us to take advantage of the polarization agility of dual-channel multifrequency
SAR, has been developed. Unfortunately only one quad-pol single-look image was
available so a great amount of work was carded out on dual-pol data which do not
allow a complete electromagnetic characterization of targets.

PROGRESS

The Picentini Mountains

The Picentini mountains have been selected because of their very articulated
morphology and structure. The area is characterized by many geological formations and
structural typologies (faults, overthrusts, klippens, and tectonic windows). The
geological analysis of SAR images has been carried out locally (the selected area does

not exceed 400 km2) so, for example, structural trends have not been considered. The

study has been focused on both geological details (e.g., the analysis of the limit
between limestone and dolomite of the Stella mountain) and structural lineament
identification.

The Phlegrean Fields

The Phlaegrean Fields area offers the opportunity to study a morphology characterized
by several crateric rims having different ages and histories. For this area SIR-C/X-SAR

data have been integrated by ERS- 1 and JERS- 1 data imagery (lower incidence angles
and different looldng directions).
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TheSomma-Vesuviuscomplex

Vesuvius a very interesting test site, which was observedduring a number of
spaceborneand airborne remote sensingmissions.For that reasonwe are able to
comparetheresultsobtainedusingSIR-C/X-SARdatawith thoseobtainedusingother
SARimageryacquiredby ERS-1,JERS-1,andAIRSAR missions.

AvailableSIR-C/X-SARdata

Thefollowing datatakeshavebeenused:
° SRL-1/DT 114.31 (L-, C-band,mode 11X, incidence angle 52.6°, 4 looks, pixel

spacingmg 12.5m/ az 12.5m);
° SRL-1/DT 146.30 (L-, C-band, mode llX, incidence angle 47.8 °, 4 looks pixel

spacing rng 12.5m / az 12.5m)
• SRL-1/DT 098.20 (L-, C-band, mode 16X, incidence angle 48.5 °, 1 look, pixel

spacing rng).
• SRL-2/DT 130.40 (X-band, incidence angle 55.4 °, SSC and MGD, pixel spacing

rng 6.66 / az 5.23)
• SRL-2/DT 146.40 (X-band, incidence angle 55.3 °, SSC, pixel spacing rng 6.66 /

az 5.23)
• SRL-2/DT 162.40 (X-band, incidence angle 55.4 °, SSC, pixel spacing rng 6.66 /

az 5.23)

Methodology

Color and B/W images have been generated from both dual-pol (1 lx) and quad-pol
(16x) L- and C-band data takes and from fixed polarization X-band acquisitions
respectively.

Dual-pol data color images have been obtained by combining the HH, HV and SPAN
information on three (Red, Green and Blue) 8-bit color planes. That combination is
especially helpful in the L-band where the cross-polarized return is mainly contributed
by the high depolarization effect of dense vegetation. In such a way the green
appearance of HV return facilitates the geologist to detect some variations in the
lithology.

A more sophisticated processing has been developed and applied to quad-pol data
takes. First and second order statistics of co-polarized and cross-polarized
measurements can be easily extracted from scattering matrix or Stokes scattering
operator and used to build a covariance matrix. If single-look data are available these
statistics can be computed assuming both a temporal average of values (single look) or
assuming a spatial average of values (multi look), the latter being less noisy. If
HV=VH, the covariance matrix (now 3x3) can be decomposed, according to Cloude,
Van Zyl, and Castellano, in the sum of three scattering mechanisms (the product of
each eigenvector for its transpose with opposite phase) weighted by the respective
eigenvalues. Even though the basis of such a decomposition is rotating in the target
space for different targets (when the eigenvalues change the eigenvectors rotate in a
plane), it can be shown that, if at a first approximation we assume a fixed basis of the
decomposition, the eigenvalues will differentiate among targets with a different
scattering behavior. In addition three eigenvalues (normalized or not) can be
represented on three color planes for visual photo-interpretation.
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Geology

The SIR-C/X-SAR images,generatedas abovementioned,have beenanalyzedby
usingphoto-interpretationtechniquesandintegratedwith imagesof comparablespatial
resolutionacquiredby othersensors(ERS-1ascending,descendingandroll-flit mode,
JERS-1,AIRSAR). Theresultshavebeencomparedand/orintegratedwith geological
sheetsandwhenpossiblewith aerialphotos,geologicalsheetsandfield checks.

Brightness,color, texture,shadingandpatterninformation is usedfor discriminating
amonggeologicalfeaturesandlithologies.Foreshortening/layovereffects,in thecase
of thePicentinimountsandof thePhlaegreanFields,havebeenverifiedby comparing
SARimagesandgeologicalcartographicprofdes.

SIGNIFICANT RESULTS

DataProcessing

Tables 1 (L-band) and 2 (C-band) show some experimental results obtained by
decomposingthenormalizedcovariancematricescomputedover9 samplewindows(1lx 11
pixels).Eachtarget(Vesuviuscone,1944lavaflow, pineforestandsea)hasbeenselected
atmosttwice in orderto checkabouttheeffectsof slightdifferentlookingdirectionsand/or
incidenceangles.Seasampleshavebeenextractedfrom AIRSAR imagessinceon these
datatheincidenceanglerangesfrom 23° to about58°.

ForeachsamplehavebeencomputedtheratioHH/VV (secondcolumn),theratioVV/HH
(thirdcolumn),thethirdeigenvalue(fourthcolumn),themodule(fifth column)andphase
(sixthcolumn) of correlationcoefficientbetweenco-polarizedchannels,thefirst (seventh
column)andsecond(eighthcolumn)normalizedeigenvalues.The target"entropy",here
definedasthesumof thenormalizedeigenvalues,is reportedin thelastcolumn.

As canbenoted,if thetargetis constitutedby sand/ashasin thecaseof theVesuviuscone,
thefirst eigenvaluerepresentsmorethanthe70%and80%of targetentropyfor L-bandand
C-bandrespectively.Thesevaluessuggestthat, alsofor L-bandscattering,the surface
effect dominatesthe volumetriceffect. A comparisonmadewith P-bandAIRSAR data
showsa probablymoreconsistentvolumetricscatteringat thesefrequencies(a valueof
60%is typical on theVesuviuscone).Theanalysisof _-3(11in theTables)confirms these
remarks;the L-band (5-6 %) andC-band(12-13%)valuesshowclearly, for the latter, a
higherdepolarizationeffect suggestingthatthepyroclasticproductsof theVesuviuscone
arerougheratacentimeterscalethanatadecimeterscale.

For concernsof the 1944lava flows, the depolarizationeffect increasessensiblywith
respectto theconein theL-bandaswell astheC-band.Thefirst eigenvalueis now only
50-55%of targetentropywhile thesecondandthird eigenvaluesreachaboutthe20-25%.
It maybeconcludedthattheroughnessatacentimeterscaleiscomparableto theroughnessatadecimeterscale.

PineForestdataconfirm that trendsincetheentropyincreasesand_.1is still decreasing
(40-45%in L-bandand45-50%in C-band).

This decompositionof covariancematrixcanbeusedalsoin theanalysisof seascattering.
Someinvestigationswhichhavebeencardedout showthatat low incidenceangles(23°)
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thespecularreflectionslargely dominateandtargetentropyis very low especiallyfor L-
bandwheretheseaactslike adeterministictargetand?qconstitutesaboutthe98%of total
entropy.As theincidenceangleincreasestheentropyincreasesaswell andtheVV return
becomesalsoup to threetimestheHH return(L-bandat 58°).

Geology

SIR-C/X-SARimages,becauseof thehigh incidenceangle(about50°) clearlyshowthe
differencesbetweenthewesternsideof thePicentinimountsandtheAvella mountains.
The first ones arecharacterizedby a complex overlappingof structureswhile the
secondonesaresimplycrossedby anormalfault.

Thefollowing classeshavebeeneasilydiscriminated:

1) Alluvium, pyroclastic products (ignimbrite campana), colluvium, flisch, and
"melange" of the sicilide unity;

2) Carbonatic-dolomitic rocks of the "Campano-Lucana" platform;

3) Bedded sands and conglomerate of the Altavilla unit.

At low incidence angles (i.e., about 20-25 ° ) discrimination between conglomerates and
sands of the Altavilla unit, and the carbonatic formations is not possible. On the

investigated area, the differences between calcareous-dolomitic and alluvium/flisch
terrains are simply detected while the discrimination between flisch and alluvium is a
difficult task. On the Mai mountains (a part of Picentini mountains), some Trias-Giura
limits seems to be actually tectonic and not stratigraphic as pointed out in the literature.

In X-SAR imagery, the morphology of the Mounts Lattari stands out clearly as well as
the boundaries among carbonatic rocks, colluvium and alluvial fan and tuff or eruptive
volcanic products less or more pedogenized. The alluvial fan presents a very thin
texture while the Vesuvius 1944 lava flows are less evident.

In the Somma-Vesuvius area, the limit between the products of pre-Mount Somma and
the undiversified pyroclastic products has been recognized by using differences of
intensity, color and texture which are due to changes of morphology, vegetation cover
and drainage pattern. Good discrimination is achieved among the characteristics of the
recent lavas, principal quarries, Mount Somma caldera rim, the drainage pattern and the
pyroclastic products of the Vesuvius cone.

A detailed analysis of the Phlegrean Fields area requires the integration of data acquired
with different incidence angles and from different looking directions in order to achieve
a good detection of the crateric morphology and, in some cases, for the detection of
zones affected by volcano-tectonic collapses. This is the case of Mount Gauro which is
characterized by eastern and western crateric slopes slightly concave toward the
exterior, with the sides higher than the center. The east and west slopes of the Gauro
are related, according to some authors, to volcano-tectonic collapses following
explosive events that occurred about 5000 years ago. SIR-C/X-SAR images show a
more realistic morphology and the shadow distribution allows a good identification of
the heights of this crateric edge.

140



HH polarizationallowsa goodcharacterization,in termsof tone and texture typologies,
of terrains and anthropic constructions while in the HV images, the texture is more
homogeneous.

FUTURE PLANS

Research activities are still in progress. New sub-areas included in the Campania test-site
will be considered, especially for what concerns INSAR and DINSAR data processing.
For example, 16 comer reflectors have been already installed in the area of Sannio-Matese
and new installations are planned in the next months.

Polarimetry

Further investigations both theoretical and experimental will be carried out on quad-poldata.

In particular the following items are under study:

• significance of eigenvector rotation and its potential for supervised/unsupervised target
identification and characterization;

• simulation of covariance matrices of some targets. Currently a model "cloud of
cylinders" with different distributions has been tested.

Interferometry

Since interferometric SLC L-band and C-band data were not yet available for Vesuvius or
Etna, the work has been conducted on X-SAR SSC products which include the Vesuvius
and a part of Matese area. Differential INSAR processing is under progress and the results
will be compared with those extracted from ERS-1 SLC data.
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Tab. 1 - Decomposition of the covariance matrix (9 sample windows 1 lxl 1 pixels), L-
band results.
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Tab. 2 - Decomposition of the covariance matrix (9 sample windows 1 lxl 1 pixels), C-
band results.
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OBJECTIVES

Study the impact of tropical forest fragmentation on local populations of endangered and threatened
species of certain mammals, butterflies, birds and plants. Vegetation information from SIR-C/X-
SAR data over three tropical-forest intensive-study sites will aid an independent, broader study of
forest fragmentation and its effects on biodiversity.

Add the unique, detailed information on forest fragmentation from spacecraft-based SAR to the
broader study begun ins 1988.

Use imaging data from the Landsat Multispectral Scanner (MSS) and the National Oceanographic
and Atmospheric Agency (NOAA) Advanced Very-High Resolution Radiometer (AVHRR) to
assess on a biome scale, but with less spatial resolution than that of the SIR-C/X-SAR data.

Evaluate the use of the unique information about forest distributions and stand conditions expected
from multiparameter synthetic aperture radar (SAR) relative to that from the MSS and AVHRR.

PROGRESS

Most of the effort has focused on preprocessing issues. CSUF staff developed and used an
adapted version of the CEOS reader software package to enable the translation of original 6-10 byte
SIR-C data or the 4 byte X-SAR data to raster formats compatible with off-the-shelf image
processing software packages like the Map and Image Processing System (called TNTmips) from
Microlmages, Inc. TNTmips is used by CSUF and by GeoEcoArc (Dr. K. Pope). TNTmips is
also at UC Davis. The basic departure in our approach to SIR-C/X-SAR data preprocessing is to
produce 16-bit integer rasters (rather than 8-bit integer) rasters from the compressed data produced
by JPL or DLR. In addition, CSUF-derived indices (combinations of SIR-C data) are produced
such as the Volume Scattering Index (VSI), the Canopy Structure Index (CSI), and the Interaction
Type Index (ITI) (see Pope et al., 1994).

Another area of great attention during the last year has been the processing of ground truth data for
the Manaus site. These consist of video tapes by Dr. Taylor, her sketch maps, her notes, and
scans of maps for the region (1:50,000 scale and 1:250,000 scale). Relatively large-scale maps for
the Manaus study site are rare.

Yet another processing issue of interest to CSUF is the question of the generation of textural
information (by aggregate spatial analysis algorithms) from single-look complex (SIR-C SLC or

X-SAR SSC) data. Dr. R. Smith has been exploring this issue in depth. Our focus is on ways
and means for the aggregation of complex scattering data (one look) to multiple looks with
attention to the correct handling of magnitude and phase data.

Begun many years ago, CSUF staff continue to work on the analyses of AIRSAR data taken over

the UC Davis Winters site. Basically, the AIRSAR analysis is complete. We are waiting for an
analysis of optical image data (Landsat TM and AVIRIS) by the UC Davis group. An extensive
draft has been in existence for some time for a published paper on this effort.
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SIGNIFICANT RESULTS

Preliminary results,from a generalinspectionof both the SIR-C andX-SAR datafor common
sitessupportthefollowing significantresults.

Proportion-basedindices(PIs),in comparisonwith single-parameters,servewell to isolatecertain
biophysicalpropertiesof terrestriallandscapeswith radardata.Thesetof PIsintroducedbyPope
et al. (1994)work well in hilly landscapes.In suchlandscapes,theeffects of slopeandaspect
variationson a given solitary radarmagnitudearesevereand detractfrom their usefulnessfor
estimationof biophysicalconditionson thelandscape.A PI is basedon a ratio-like formulation,
B*255/(B + A); thus, with both RasterA andRasterB beingaffectedin thesameway by slope
and aspect,theseeffects divide out in the PI, and the PI indicatesbiophysical conditions on
different slopes. With the availability of bothC- andL-band radarparameters,a PI involving
cross polarization parametersat the two different wavelengthsis a good indicator of woody
biomass. These results, first explored by Popeet al. (1994) in a Belizian test site and later
exploredby CSUF staff in the Winters test site, areholding true in the Manaustest site. The
Wintersresultsaresignificantin thatthey indicatethatthelandscapecharacterizationsneededfor
turbulent land-air exchangemodeling(Landscapesproject,UC Davis,Dr. K.T. PawU) canbe
obtainedin part from multiparameterradar(like thatof AIRSAR andSIR-C). Otherparameters
neededin the exchangemodelarelikely to beobtainedfrom opticalmultispectraldata(work in
progressatUC Davis).

FUTUREPLANS

With all of the requestedSIR-C/X-SARdatain handnow (sinceAugust, 1995),we aremoving
aheadwith theanalysisphasesof our investigation. We expect,with thecooperationof ourmany
colleaguesat otherinstitutions,to reachmanyconclusionswith regardto theSIR-C/X-SARproject
by theendof FY96. In fact,we anticipatehavingseveralpaperssubmittedby thetime of theSIR-
C/X-SARmeetingat UCSBin February1996.

PUBLICATIONS

Pope,K. O., J. M. Rey-Benayas,and J. F. Paris, 1994: Radarremotesensingof forest and
wetlandecosystemsin theCentralAmericantropics. Remote Sensing of Environment, 48:205-
219.

Ustin, S. L., J. F. Paris, A. Palaceos, K. T. Paw U, 1995: Modeling turbulent exchange with
remotely-sensed landscape parameters. Draft written and being reviewed by authors for
submission to Remote Sensing of Environment.

Paris, J. F., 1995: Interaction Type Index (ITI): Physical basis and applications. In preparation
for submission to an IEEE journal.

Smith, R., J. F. Paris, 1995: Aggregation techniques for single-look, multiparameter radar data.
In preparation for submission to an image processing journal.
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OBJECTIVES

To characterize the turbulent exchanges of momentum, heat and gases from plant surfaces.

To evaluate the effects of foliage density, structure and height on the exchanges.

To evaluate the use of SIR-C/X-SAR remotely sensed data for estimating information regarding the
type, structure, and status of vegetation needed for estimating the exchanges of momentum, heat
and gases.

PROGRESS

We have made moderate progress in obtaining data needed for the analysis of the feasibility of
using SRL data in addition to other remotely sensed data to assess biometeorological-surface
exchange processes. We have carded out several experiments, and developed several analytical
techniques following and surpassing our objectives on the biometeorological aspects of our
projects. We have used optical data in several areas and are in the process of analyzing SRL data
on the radar aspects of our project.

During the past 1.5 years, we have developed a new wavelet-like technique to analyze turbulent

data, especially in identifying the large 'coherent structures' which are responsible for the majority
of the exchange processes (such as for trace gases and momentum). This methodology has yielded
results that imply plant height is a very important scaling factor, along with mean wind speed. We
have also found in related research that true orthonormal wavelets are not suitable for many types
of turbulence research, including some types that have been published (possibly by people jumping
on a trendy bandwagon). Therefore the method we have developed appears to be a goodalternative.

We have developed a plant-atmosphere biometeorology model which includes a higher-order
closure description of turbulence. This model now includes current physiological process models
in addition to its sophisticated turbulence description. A preprint is listed below, which describes

the significant differences (implying errors) between simpler Si-B like models and higher-order
closure models, for predicting global change responses of canopies. The higher-order closure
model has given insights into the type of data and the accuracy of data needed by SRL and optical
platforms (see below for a further description).

Important inputs include canopy height, Leaf Area Index (LAI), and a general idea of the plant type
(for inclusion of appropriate plant physiological response parameterization).

In our field experiments, we have begun analysis of the biometeorological data obtained during the
SRL-1 and SRL-2 overflights for the Howland, Maine site and Davis site. One preprint describes
progress in assessing water vapor and carbon dioxide exchange at the Davis site associated with an
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SRL-2 overflight intensive field campaign period. In this and a related preprint we have
establishedthatthesurface-renewalmethod,which dependsonknowledgeof thecanopyheight,
works reasonablywell.

The processingof the AVIRIS optical data for the Davis-Winters site has taken place and
preliminaryresultsincludeassessmentof vegetationtype,andthereforean indirectestimationof
canopyheight,LAI, andgapfraction. We arealsoinvestigatingthemeasurementof thesecanopy
propertiesand fraction woodiness,woody biomass,and water contentusing radar and optical
datasets.We haveevaluatedmultivariatespectralmappingof soil typesandfoundwewereableto
separatevery similar soils havingdifferentorganiccontentandtexture,propertiesrelatedto the
waterholdingcapacitydifferences.Anotheraspectof our investigationsis to useSRLandoptical
datato detectquantify surfaceheterogeneityat differentspatialscales.Currentbiometeorological
modelsassumehomogeneityin thespatialdomainandthesharpdiscontinuitiesin flux processes
andsurfaceroughnessactuallyfoundbetweenagriculturalfieldsviolatethesesimpleassumptions.
Theturbulencemodelwearedevelopingshouldprovidebetterenergybalanceestimatesusingthis
informationon landscapestructure.

We havepioneeredanewapproachto spectralanalysisusingfinite impulseresponsefilters (FIR)
andGabortransforms(a form of waveletanalysis;we notein passingthat waveletanalysiswas
originally developedfor imageprocessingalthoughit hasbeenused,sometimesinappropriately,in
manyotherfields). This methodallowsusto separatesmallspectralsignalssuchasdifferencesin
somebiochemicalpropertiesof the plant canopy. It hasconsiderablepromisefor time-series
analysesof landscapechange.We havealsoexploredthepotentialfor radiativetransfermodeling
to estimatecanopybiochemicals.We haverevisedthePROSPECTmodelto includeestimatesof
pigments,carbon,nitrogen,andwatercontentsfor leaves.This modelhasbeenincorporatedinto
a canopymodel,theIAPI modelfor predictingcanopyreflectanceandfrom satellitesensors.The
biochemicalfunctionsfrom PROSPECThavebeenincorporatedinto anew ray-tracingmodelof
the leaf thatexplicitly considersleaf cellularstructure.Thesenewapproachesappearpromisingto
providedetailedinformationon thefunctionalstatusof canopiesfor thebiometeorologicalmodel.

Radardataprocessinghasbeendelayedgreatly by the lack of time by oneof the co-PI'son the
project,JackParis. Originally, all radardatawereto beprocessedby him, but therehavebeen
delays. Currently, anotherco-PI, SusanUstin, is beginningto analyzetheradardatainstead,in
addition to hergeneralanalysisof the optical data. Despitethesedifficulties, we havealready
written a seconddraft of a paperdescribingresearchin modeling the sensitivity of exchange
estimates to remotely-sensed vegetation parameters. The higher-order turbulence and
biometeorologymodel is beingused,alongwith datainputsrepresentingerrors in theestimated
plant parameters,obtainedfrom SRL and optical sensors. This is listed below under the "in
preparation"manuscripts.

PUBLICATIONS

RefereedJournals

Paw U, K. T., Qiu, J. , Su, H. B., Watanabe, T., and Brunet, Y., 1995. Surface renewal
analysis: a new method to obtain scalar fluxes without velocity data. Agric. For. Meteorol.
74:119-137.1

Qiu, J., Paw u, K. T. and Shaw, R. H., 1995. Pseudo-wavelet analysis of turbulence patterns in

three vegetation layers. Boundary-layer Meteorol. 72:177-204. 2
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PawU, K. T., Y. Brunet,S.Collineau,R. H. Shaw,T. Maitani,J. Qiu andL. Hipps, 1992. On
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Meteorol. 61:55-68.1
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plant canopies. J. Photogrammetry Remote Sens. 47:189-203.3

Zhang, Changan, R. H. Shaw and K. T. Paw U, 1992. Spatial characteristics of turbulent
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Hemisphere Publishing Co., Washington. pp. 741-751.1

Paw U, K. T., 1992. A discussion of the Penman form equations and comparisons of some

equations to estimate latent energy flux density. Agric. For. Meteorol. 57:297-304.3

In Press:

DeFries, R., C. Field, I. Fung, C. Justice, J. Townshend, S. Los, P. Sellers, C. J. Tucker, P.
Matson, E. Matthews, K. Prentice, H. Mooney, P. Vitousek, C. Potter, and S. Ustin, 1995. An
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models. J. Geophys. Research (in press). 4
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Su, H.-B., Paw U, K. T., and Shaw, R.H., Development of a coupled leaf and canopy model for

the simulation of plant-amaosphere interaction. Submitted to J. Appl. MeteoroL 3

Orueta Palaceos, A., and S. L. Ustin, Multivariate statistical classification of soil spectra.
Submitted to Remote Sensing of Environment (in review). 4

Jacquemoud, S., S. L. Ustin, J. Verdebout, G. Schmuck, G. Andreoli, and B. Hosgood.
Prospect Redux. Submitted to Remote Sensing of Environment (in review). 4

Grossman, Y. L., S. L. Ustin, E. Sanderson, S. Jacquemoud, G. Schmuck and J. Verdebout,

Examination of regression and correlation approaches for extraction of leaf biochemistry
information from leaf reflectance data. Submitted to Remote Sensing of Environment (in
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Govaerts, Y. M., S. Jacquemoud, M. M. Verstraete, and S. L. Ustin., 1995. Modeling plant leaf
bidirectional reflectance and transmittance with a 3-d ray tracing approach. Submitted to Applied
Optics. 4

Xiao, Q. -F., S. L. Ustin, and W.W. Wallender, A spatial and continuous surface-subsurface

hydrologic model. Submitted to J. Geophys. Research (in revision). 4

Ustin, S. L., Q. J. Hart L. Duan and G. Scheer, Vegetation mapping on hardwood rangelands in
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Paw U, K. T. and H. -B. Su. Structure function analysis of sensible heat flux density and
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Preprints, Proceedings and Abstracts:
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Agricultural and Forest Meteorology, March 7-11, 1994, San Diego, California. American
Meteorological Society, Boston, MA.':

Qiu, J., Paw U, K.T. and Shaw, R.H., 1994. Pseudo-wavelet analysis of turbulence patterns in
three vegetation layers, pp. 106-109. In preprints, 21st Conference on Agricultural and Forest
Meteorology, March 7-11, 1994, San Diego, California. American Meteorological Society,
Boston, MA. 2.

Paw U, K.T., 1994. Development of a higher order closure turbulence model for simulating
particulate, pollen and spore transport within plant canopies, pp. 401-402. In preprints, 11th
Conference on Biometeorology and Aerobiology, March 7-11, 1994, San Diego, California.

American Meteorological Society, Boston, MA. 3

Pereira, A. R., and Paw U, K. T. 1994. A surface renewal description of the exchange of scalars
between full canopies and the atmosphere, pp. 104-105. In preprints, 21st Conference on

Agricultural and Forest Meteorology, March 7-11, 1994, San Diego, California. American
Meteorological Society, Boston, MA. z

Qiu, J., R. H. Shaw and K. T. Paw U, 1991. Comparison of turbulence statistics and structures
at four vegetation canopies, pp. 66-67. In preprints, 20th Conference on Agricultural and Forest
Meteorology, September 10-13, 1991, Salt Lake City, Utah. American Meteorological Society,
Boston, MA. 2

Zhang, Changan, R. H. Shaw and K. T. Paw U, 1991. Translation velocity of turbulent coherent
structures within and above an orchard canopy, pp. 193-194. In preprints, 20th Conference on
Agricultural and Forest Meteorology, September 10-13, 1991, Salt Lake City, Utah. American
Meteorological Society, Boston, MA. 1

Paw U, K. T., 1991. Anisotropy of thermal infrared radiation above and within plant canopies.
pp. 199-200. In preprints, 20th Conference on Agricultural and Forest Meteorology, September

10-13, 1991, Salt Lake City, Utah. American Meteorological Society, Boston, MA. 3

Govaerts, Y. M., S. Jacquemoud, M. M. Verstraete, and S. L. Ustin., 1995. Modeling plant leaf
bidirectional reflectance and transmittance with a 3-d ray tracing approach. IGARSS-95.'*
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1994 California Institute of Technology. 4
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California Institute of Technology. 4
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Explanationof superscripts:

1 Usesdatagatheredat sitescoveredbySRLactualandproposeddatatakes.

2 Developmentof analysistechniqueto assistin dataprocessing,andto furtherthefield of
biometeorology.

3 Modeldevelopmentto beusedin theassessmentof sensitivityof exchangeprocessesto SRL
andopticallyderivedplantvariables.

4 Usesdataandmodelsto accomplishpreliminaryestimatesof sensitivityof exchangeprocesses
to SRLandopticallyderivedplantvariables,or opticaland/orSRLdatato estimatevariables
relatedto estimatingthesensitivity.
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SIR-C/X-SAR Investigations of Wetland Hydrology in the Seasonal Tropics

OBJECTIVES

Demonstrate the capabilities of spaceborne multifrequency polarimetric SAR imagery for
monitoring seasonal flooding in tropical and subtropical regions.

Use the SIR-C/X-SAR imagery to map spatial patterns of wetland communities and determine

spatial and temporal patterns of inundation in conjunction with a variety of ecological and
geological studies. These studies include monitoring of breeding sites of the malaria transmitting
mosquito, studies of wetland biogeochemical gradients, and studies of groundwater discharge
systems and their relationship to the buried Chicxulub impact crater.

PROGRESS

Polarimetric L- and C-band and XVV radar imagery were acquired for dry (April) and wet
(October) seasons for wetland sites in Chiapas and the Yucatan Peninsula. Field campaigns were
conducted in both seasons in Chiapas and the Yucatan to record the biophysical character of the
wetlands and to record seasonal changes in flooding. Analyses of field data from marshes in the
Yucatan have been completed, while analyses of data from Chiapas and from forested wetlands
and mangroves in the Yucatan are still underway.

Marshes in Yucatan are dominated by three species of emergent macrophyte: Cladiumjamaicense
(sawgrass), Typha domingensis (cattail), and Eleocharis cellulosa (rush). Communities of these

three species occur as monospecific stands, mixtures of monospecific clumps, and mixtures with a
single dominant species. Eleven marsh sites were studied in detail encompassing a wide variety
height, density, and species composition. The only significant seasonal change observed in the
marshes was in flooding. Changes from dry to continuously flooded, dry to partially flooded,
partially flooded to continuously flooded, and changes in the depth of continuous flooding were
observed in the 11 marsh sites. All field observations were located with a hand-held GPS receiver.

Wet and dry season SIR-C polarimetric L- and C-band imagery from data take 81.0 have been
georeferenced and coregistered. Backscatter amplitude (HH, VV, CS= average of HV+VH) and

phase (IH-V phase differencel=PD) statistics were extracted from the seasonal images for polygons
corresponding to the survey areas of the 11 marsh sites and from a stable calibration site of closed

canopy evergreen forest. Significant seasonal changes in amplitude and phase above the
calibration limit were then determined for the marshes. A similar analysis is currently being
conducted for the mangrove and swamp forest communities within the same coregisterd images
and preliminary results have been obtained.

SIGNIFICANT RESULTS

Increased flooding in marshes can be detected by SIR-C by: 1) an increase in backscatter
magnitude in marshes with tall, dense cover; 2) a decrease in backscatter amplitude in marshes with
short, sparse cover; and 3) an increase in PD in all types of marshes. Magnitude increases result
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from anincreasein doublebounceinteractionsbetweentheemergentvegetationandwatersurface,
while decreasesresult from an increasein forward scatteringoff the openwater. AveragePD
values increasedue to an absoluteor relative increasein double comparedto single bounce
interactions.Changesfrom dry or partially floodedto completelyfloodedandincreasesin water
depthcouldbedetectedbymost of thepolarimetricparameters,but changesfrom dry to partially
floodedcould not. CPDchangedsignificantly for all 11marshesstudies,followed by LPD and
LVV (9 marshes)andLHH, LCS, andCVV (7 marshes).CHH detectedsignificant changesin
five marshes,but producednearsignificantchanges(2.1.8-1.9dB) in four others.

FUTUREPLANS

An analysissimilar to themarshstudysummarizedaboveis nearcompletionfor mangrovesand
swampforestin theYucatantestsite. A similar analysisis alsoplannedfor wetlandsin thePacific
coastalplainof Chiapas.TheChiapassitesaddanadditionalsuiteof wetlandsincludingdifferent
marshspeciesandextensivetall mangroves.

The marshmonitoring capabilitiesdevelopedin this studyarebeing refinedfor applicationin a
RadarsatADRO projectemployingRadarsat,ERS-1,2, andJERS-1imageryof Belizeto monitor
malariatransmittingmosquitobreedingsitesin aprogramof malariacontrol.

The flood detection capabilities developedin this study are being applied to an analysis of
.groundwaterdischargesystemsin theYucatanandtheirrelationshipwith the buried Chicxulub
mapactcrater.

PUBLICATIONS

Pope,K. O., Rey-Benayas,J. M., andParis,J. F. (1994).Radarremotesensingof forest and
wetlandecosystemsin theCentralAmericanTropics,Rein Sens. Environ. 48:205-219.

Rejmankova, E., Pope, K. O., Post, R., and Maltby, E. (in press). Herbaceous wetlands of the
Yucatan Peninsula: Communities at extreme ends of environmental gradients, Int. Rev. Ges.
Hydrobiol.

Pope, K. O., Ocampo, A. C., Kinsland, G. L., and Smith, R., (in review). Surface expression of
the Chicxulub crater, Geology.

Pope, K. O., Rejmankova, E., Paris, J. F., and Woodruff, R. (in review). Monitoring seasonal
flooding cycles in marshes of the Yucatan Peninsula with SIR-C polarimetric radar imagery, Rent
Sens. Environ.
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SIR-C/X-SAR - Imaging Radar Analyses For Forest Ecosystem Modeling

OBJECTIVES

Ecosystem characterization using SIR-C/X-SAR and AirSAR data.

Improving radar backscatter models for forest canopies.

Using SAR measurements and models with forest ecosystem models to improve inferences of
ecosystem attributes and processes.

PROGRESS

To date we have analyzed multiple SIR-C/X-SAR data sets for Prince Albert, Canada; Howland,
Maine; and Western Sayani, Siberia. In addition, we have requested and received data for Nelson,
House, Manitoba; Wallops Island, Virginia and Voyageurs National Park, Minnesota. A brief
summary of results follows.

Ecosystem characterization using SAR

Procedures and results of using SIR-C/X-SAR data to map forest cover type and above ground
forest biomass were developed and applied to SIR-C X-SAR data of the Canadian boreal forest

(i.e., Prince Albert, BOREAS study area). Forest cover type classification accuracies on the order

of 80% were achieved with standard supervised classification techniques and the multiple
frequency and multipolarization radar data. The results also show that maps of estimated biomass

can be produced that match observed patterns and preliminary ground data. The sensitivity to

boreal forest biomass in our study area was between 15 and 20 kg/m 2. Better sensitivity over the
range of biomass in our study was attained using a ratio of L-band HV to C-band HV backscatter.
We also found that using the backscatter ratio appeared to reduce the difference in backscatter due

to different species or mixtures. This will be examined further as additional quantitative data
become available.
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A comparisonof theApril andOctoberdatasetswasalsoconductedto understandtheeffectsof
seasonson the analysis. Frozen trees and wetter background contributed to increased
backscatteringobservedin theApril data. SIR-C/X-SARdataacquiredduringthegrowingseason
would beuseful to determinethe effectsof deciduousleavesonbiomassestimation. Resultsof
mappingforestcoverandbiomassin ourstudyareausingSIR-C/X-SARdataareencouragingand
shouldbeusefulfor thestudyof above ground carbon in boreal ecosystems. Sensitivity to
biomasswassufficient to mapmost of the typesof standsin our area,but we needto examine
additionalgroundmeasurementsto verify this. We continueto expandthegroundtruth database
andtesttheseresultsin amorerigorousfashion.

An evaluation of the SIR-C/X-SAR results with respect to AIRSAR in terms of different
wavelengths(i.e.X-bandandP-band)andresolution(28m vs. 12m) was performed for the
Howland,MaineBackupSupersiteandGSFCForestEcosystemDynamicsstudyarea.SIR-C/X-
SAR datawasanalyzedto classifyforest types,estimateabovegroundbiomassandcharacterize
forest spatialpatternsfor Howland, Maine. SIR-C/X-SAR performedwell as comparedwith
AIRSAR data,but wasnot able to discriminateforest typesadequately. Continuedwork will
focuson improving classificationproceduresanddevelopingothertechniquesfor spatialpattern
analysis.

Improvingradarbackscattermodels

In retrievalof forestparametersfrom radarimages,oneof themajorconcernsis theuncertaintyor
error inducedby thevariationof treesizeandposition. A new 3-D radarbackscattermodelwas
developedandtestedwhich takesinto accountspatiallydistributedgapsandclusteringof trees.
This spatially explicit, 3-D model wasusedto simulateAIRSAR signaturesfrom a test site in
Howland, Maine. The results showed that the model worked well for our predominately
coniferousforesttestsiteby givinggoodpredictionof totalbackscatteringaveragedover thesite.
SignificantspatialcorrelationsbetweenAIRSAR andsimulatedimageswerealsoproducedfor all
frequencies(P,L andC-band)andpolarizationcombinations(HH, VV, HV).

Forest standswith different spatial patterns (random and clumped) were simulated. Results
indicatedthatthetotalbackscatteringis higherfor standswith randomlypositionedtreesthanfor a
clumpedstand. Thetexturesof the simulatedimagesweredifferentbecauseof the differenttree
positionpatterns.Lacunarityanalysiswasperformedon the total HH backscatteringimagesto
revealthisdifference.

SAR images of forests with hidden objects i.e., 2.43 m corner reflectors and metal cylinders
(radius of 0.5 m and height 1 meter) were simulated for C, L and P bands. High-resolution (1-
meter pixel) and low-resolution (12 meters of AIRSAR) images were simulated. The hidden
objects were easily visible at L and P bands, but not at C bands. At C band, because of high
attenuation, the hidden targets can only be seen through forest gaps. The hidden objects were not
very distinct in low-resolution images even though speckles don't exist in these simulated images.

Using SAR with forest ecosystem models

Development of algorithms for using SAR data to infer biomass by using a forest succession

model to simulate forest canopy parameters to run a radar backscatter model. A gap-type forest
succession model was parameterized to simulate growth and development of a northern hardwood-
boreal transitional forest typical of central Maine, USA. Forest model results of species, bole
diameter, stem and crown heights of individual trees in a stand, plus density of trees were used to
run a discontinuous canopy backscatter model to determine radar backscatter coefficients for the

simulated forest stands. Using the model results, relationships of backscatter to forest biomass

were developed and applied to an AirSAR image over a forested area in Maine. Using only
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modeledresultsthe derived relationshipwas found to underestimatebiomass. Calibrating the
modelresultswith limitedmeasurementsimprovedthealgorithmsignificantly.

Applying the calibratedmodel derivedalgorithm to SAR imageryproducedreasonableresults
whenmappedbiomasswas limited to 15 kg/m2 or less. These results can be improved as the
forest and backscatter models are improved. For example a single species forest growth function
was used in the model. Parameterizing the growth function for the species common to the study
area would improve the forest composition and stand structure results.

FUTURE PLANS

Since our SIR-C/X-SAR project is closely allied with forest ecosystem dynamics research at
GSFC we will continue analyze data over coincident study areas such as Howland, Maine; Prince

Albert, Saskatchewan; Nelson House, Manitoba, Wallops Island, VA, Voyageurs and Itasca Parks
in Minnesota and the Western Sayani Mountains, Siberia. Many of these data sets have been

ordered and received. The JPL Radar Data Center is to be commended for the prompt attention
given to our data requests.

We plan to use SIR-C/X-SAR data to examine the stratification of forest areas based on general
surface cover prior to biomass mapping, the sensitivity of the biomass mapping to seasonal change
of moisture and temperature conditions, the effects of radar illumination angle, and the combination
of microwave and optical remote sensing data in forest classification and biomass mapping.
Several publications are anticipated in the near future covering the various topics listed above.

Currently, radar models do not simulate cross polarized backscatter very well because of the lack
of treatment of multiple scattering. This in an obvious area of future work. Our radar backscatter

models will be further improved by incorporating higher-order scatterers. Radar backscatter
modeling will be used to investigate the radar responses to successional forest structures by using
the simulated forests from forest growth models as inputs. These modeling results will aid in
improvement of forest parameter retrieval algorithms.

Given the emphasis of topography for SRL-3 we plan to explore the use of interferometric SAR
for our forest ecosystem research. The Western Sayani Mountains test area we are working on
with Dr. Slava Kharuk of the Sukachev Forestry Institute in Siberia poses topographic challenges
to our ecosystem analyses. Fortunately, repeat pass SRL-2 data was obtained and are being
ordered. The topographic information interferometrically derived from these data as well as DTM

data (if available) will be used to improve and extend our current biomass mapping methods to
mountainous areas through data correction for local incidence angle, layover and shadows.

Another extremely interesting possibility is the use of interferometry to estimate forest stand height.
It may be difficult to retrieve actual heights from interferometry data because of the uncertainty in
the position of scatter centers. Even this course level of information is useful for the ecosystem
models and will aid in development of algorithms for forest attributes. We will also explore the
possibility of detecting forest gaps and edges by retrieving heights of scattering centers.

The SIR-C/X-SAR missions are demonstrating the unique capabilities of multiple frequency and
multipolarization SAR data for studies of the Earth. Similar measurements over a significant
portion of the Earth's biomes will produce a unique and valuable source of data for terrestrial

ecologists and climatologists. Global maps of important terrestrial vegetation parameters derived
from these data sets can be used directly by scientists to gain further understanding of the current
"state of the Earth" and develop insight into the global consequences of climate change. Thus we
look forward to a third SIR-C mission that would map significant areas of the worlds forests with

L-band co- and cross polarized channels in addition to the topographic data.
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High Alpine SAR Experiment

OBJECTIVES

The High Alpine SAR Experiment is aimed at the development of methods and the

demonstration of applications of multifrequency polarimetric SAR for investigations of high
alpine environment with emphasis on snow and glacier applications. The main activities,
including extensive field campaigns and data analysis, were related to the test site 0tztal in the
Central Alps of Austria which had been selected as SIR-C/X-SAR supersite for snow
hydrology and glaciology. Complementary investigations on snow applications were carded
out in the region near Innsbruck, where different snow types than at the high alpine site Otztal
were observed during SRL-1 in April 1994. Valuable glaciological information was derived
from SIR-C/X-SAR data also for Viedma Glacier and Moreno Glacier of the Southern

Patagonian Icefield. On Moreno Glacier the PI is leading a glaciological research project
involving field measurements and satellite data analysis.

PROGRESS

During the two SIR-C/X-SAR missions SRL-1 (9 to 20 April 1994) and SRL-2 (30 September
to 10 October 1994) extensive field measurements were carried out on glaciers and on ice-free
parts of the test site. The measurements included:

During both SRL-1 and SRL-2:

deployment and geodetic measurement of corner reflectors (1.25 to 1.8 m leg length) on
glaciers,

- measurement of snow depth, density, grain size, dielectric constant, stratification, tem-
perature in snow pits,

- surface roughness profiles of snow and ice,
- meteorological measurements,
- mapping of snow extent,

Additional measurements during SRL-1:

- backscattering of snow at 5 GHz and 35 GHz HH, VV, HV, VH,
emission of snow at 21 and 35 GHz, H and V,

Additional measurements during SRL-2:

backscattering of bare soil and alpine grassland at 5.3 GHz and 10.3 GHz HH, VV, HV,
VH,

measurements of soil humidity and surface roughness.
Measurements throughout the year:

hourly mean runoff of two basins in the central part of the test site,
- ice ablation and accumulation for determination of glacier mass balance,
- meteorological stations.

During SRL-1 the glaciers were covered by dry winter snow, the air temperature at 3000 m
was below -10°C, and snowfall was observed during several days. At lower elevations the
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snow-structurewasmorecomplex,andthe snowpackwaspartly humid. During SRL-2 the
meteorologicalconditionschangeddrastically;themeandaily air temperaturedroppedby 12°C
during thecampaign,resultingin significant changesof snowpropertiesandbackscattering
signatureson theglaciers.

All data, which had been acquired over the test site, were processed and delivered. We obtained
the following scenes:

SRL-1, SIR-C (SLC): DT 14.2 (10-04-94), DT 46.1 (12-04-94), DT 78.0 (14-04-94),
SRL-1, X-SAR (SSC, MGD, GTC): DT 14.2 (10-04-94), DT 18.21 (10-04-94), DT 34.31

(11-04-94), DT 46.1 (12-04-94), DT 78.0 (14-04-94),
SRL-2, SIR-C (SLC), X-SAR (SSC, MGD, GTC): DT 14.2 (1-10-94), DT 18.21 (1-10-94),

DT 34.31 (2-10-94), DT 46.1 (3-10-94), DT 78.1 (5-10-94).

Polarimetric signatures and frequency dependence of backscattering of snow cover, glaciers,
and ice-free areas, including vegetated and un-vegetated terrain, were investigated and related to
field data of target properties. The analysis included investigations of angular behavior of
backscattering properties and studies of temporal changes. Significant short-term changes were
observed over snow and ice during SRL-2 at X- and C-band, whereas the seasonal changes in
snow and ice properties resulted in pronounced backscattering differences between SRL-1 and
SRL-2 at all 3 frequencies. Supervised and unsupervised methods were applied for
classification, based on various combinations of backscattefing parameters.

SIGNIFICANT RESULTS

- During both SRL-1 and SRL-2 a near real time analysis was carried out over glaciers to
determine the accumulation and ablation areas and estimate glacier mass balance.

The signature analysis clearly demonstrates the importance of multifrequency and
polarimetric data for separating different snow and ice regimes on glaciers and for mapping
accumulation and ablation areas. L- or C-band co- and cross-polarized channels in

combination with X-band were found to be of main importance for this application.

The maps of accumulation and ablation areas, derived from SIR-C/X-SAR data of SRL-2,
show low ratios of accumulation to ablation areas, and consequently significant loss of mass
during summer 1994 for all glaciers of the 0tztaler Alpen. Good agreement was found for
the mass balance estimated from the SRL-2 data in comparison with field measurements,

carried out on two glaciers in the test site for the period 1 October 1993 to 30 September
1994.

Snow Studies in the Innsbruck Region

The region surrounding Innsbruck was covered by the same swathes of the ascending orbits as
the test site Otztal. During SRL-1 the mountain slopes above Innsbruck were covered by humid
snow, an intense snowfall event was observed between DT 46.1 and DT 78.0. This enables
studies of different snow conditions than at the high alpine site. Snow properties and soil

humidity were measured in the field.

For the Innsbruck region so far the following X-SAR data (MGD) were obtained:
SRL-I: DT 78.0 (14-04-94),
SRL-2: DT 78.1 (05-10-94).

Wet snow cover can be very well identified in the X-SAR images due to low backscattering
coefficients. Change detection techniques, based on the X-SAR images from SRL-1 and SRL-
2, provide an excellent capability for mapping melting snow areas.
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GlacierStudiesonthe Southern Patagonian Icefield

Glaciological and geodetic measurements have been made on two of the main glaciers, Viedma
Glacier and Moreno Glacier, of the Southern Patagonian Icefield which were imaged by SIR-
C/X-SAR. Because emphasis of field activities during SRL-1 and SRL-2 was on the test site

0tztal, the campaigns in Patagonia could not be carded out during the shuttle flights.
Nevertheless, the information obtained in the field during the campaigns listed below, is of
great importance for the analysis of the SIR-C/X-SAR data.

Measurements on Viedma Glacier (22 to 27 Feb. 1994):

GPS measurements of ground control points along the glacier boundary,
documentation of surface roughness in the ablation area, including the volcanic ash bands,
collecting of ash samples and pumice stones from the ash bands on the glacier.

Measurements on Moreno Glacier (1 to 6 March 1994):
measurement of ice motion and ablation at 4 stakes which had been drilled in Nov.
1993.

Measurements on Moreno Glacier (14 to 30 November 1995):

- drilling of 19 stakes (10 m to 12 m deep) at various locations on the glacier, including a
transverse profde (11 stakes) situated 10 km above the glacier terminus,

- measurement of the geodetic position of the stakes by means of differential GPS,
- GPS measurements of ground control points along the glacier boundary,
- installation of an automatic meteorological station at the glacier terminus.

Further field campaigns are planned on Moreno Glacier in March 1996 and November 1996.
The planned activities include re-measurement of stakes to determine ice motion and ablation,

GPS measurements of glacier boundaries, ice thickness measurements along the transverse
profile, echo-sounding of the lake depth in front of the glacier.

Analysis of SIR-C/X-SAR Data:

Emphasis of the analysis so far was on X-SAR data, received in early 1995. In November
1995 we obtained the first SIR-C data (interferometric) of Patagonia. The following data were
received:

X-SAR (MGD), Viedma Glacier:

SRL-I: DT 13.06 (10-04-94), DT 25.03 (10-04-94), DT 41.05 (11-04-94), DT 57.05 (12-04-
94), DT 73.03 (13-04-94),

SRL-2: DT 09.4 (01-10-94), DT 13.6 (01-10-94), DT 25.3 (01-10-94), DT 45.7 (03-10-94),
DT 57.5 (03-10-94), DT 73.3 (04-10-94).

X-SAR (SSC), Moreno Glacier:

SRL-2: DT 121.3 (7-10-94), DT 153.3 (9-10-94), DT 169.3 (10-10-94).

SIR-C ('ISLC L-band), Moreno Glacier:

SRL-2: DT 121.3 (7-10-94), DT 153.3 (9-10-94), DT 169.3 (10-10-94).

The boundaries of Viedma Glacier and of the glacier dammed lake Laguna Viedma were
mapped from the X-SAR data. Extent and melting conditions of snow and ice areas on the

glacier were investigated. Interferometric analysis was carried out for the region of Moreno
Glacier, for X-SAR and L-band SIR-C data.

A major change of the glacier dammed lake Laguna Viedma was found by comparing the X-

SAR ima es from SRL-1 and SRL-2. The lake area decreased from 5.5 km 2 in A ril 1994
to 1.5 km _ in October 1995 and the water level lowered considerably. This outbre p of the

lake, after a long period of comparatively stable glacier position, may indicate changing
climatic conditions and the start of a major glacier retreat.
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Good interferogramswere obtained on Moreno Glacier from the SIR-C L-band data
althoughtheglaciersurfacewasmelting. No coherencywasobtainedovertheglacierin the
X-SAR data,becausebackscatteringattheshorterwavelengthsis moreaffectedby melting.
Ice velocities from the L-band interferogramshow good agreementwith the velocities
measuredin thefield. Fromtheinterferogramamapof icemotioncanbegeneratedoverthe
whole glacierterminus,mostpartsof which areinaccessibledueto crevasses.Interesting
featuresof theicemotion,includingasecondarymaximumof velocityjust abovethecalving
front, havebeenidentifiedwhichhadnotbeenknownsofar.

FUTUREPLANS

Improvementsof targetclassificationandcharacterizationin high Alpine regions,including
glaciersandice-freeareas.

Testof fe.as.ibility andaccuracyof inversionproceduresfor snowwetnessandfor dry snow
usingtheOtztaldataseeTheinversionprocedures,whichhavebeendevelopedfor theSIR-
C dataof Mammothby J.C.Shi,will beapplied.

Studiesof icedynamicof MorenoGlacier,basedonSIR-Cinterferometryandon field data.
In addition to the campaign in Nov. 1995, the field activities plannedfor 1996 (ice
thickness,motion,glacierboundaries)areof greatsignificancefor this task.
Studiesof morphologiccharacteristicsandflow featuresof ViedmaGlacierbasedonSIR-C
andX-SAR datain combinationwith ERS-1andERS-2SARdata.

Developmentof methodsfor surfaceshapereconstructionand improvementsof digital
elevationmodels,usingSIR-C/X-SARdataacquiredover thetestsiteOtztal undervarious
incidenceanglesandfrom two look directions(incooperationwith F. Lebed,TU Graz).

FurtherDataNeeds

InnsbruckRegion:
SRL-1,SIR-C (MGD): DT 14.2(10-04-94),DT 46.1 (12-04-94),DT 78.0 (14-04-94),
SRL-2,SIR-C (MGD): DT 14.2(01-10-94),DT 46.1 (03-10-94),DT 78.1 (05-10-94),
SRL-1,X-SAR (MGD): DT 14.2(10-04-94),DT 46.1 (12-04-94),(orderedDec.28,1995),
SRL-2,X-SAR (MGD): DT 14.2(01-10-94),DT 46.1 (03-10-94),(orderedDec.28,1995).
MorenoGlacier,Patagonia:
SIR-C(C-bandISLC, interferometric),MorenoGlacier:
SRL-2:DT 121.3(7-10-94),DT 153.3(9-10-94),DT 169.3(10-10-94).

ViedmaGlacier;Patagonia:
SIR-C(MGD) from SRL-1andSRL-2,asavailable.

PUBLICATIONS

SkvarcaP., H. Rott and M. Stuefer, 1995: Synergyof ERS-1SAR, X-SAR, LandsatTM
imagery and aerial photography for glaciological studies of Viedma Glacier, southern
Patagonia. Proceedings, VII Simposio Latinoamericano de Percepcibn Remota, SELPER,
Puerto Vallarta, Mtxico, Nov. 1995: 674-682.

Rott H., T. Nagler and D.-M. Floricioiu: Snow and glacier parameters derived from single
channel and multi-parameter SAR. Proc. of Int. Syrup. on Retrieval of Bio- and Geophysical
Parameters from SAR Data for Land Applications, Toulouse, Oct. 1995.

Rott H.: Glacier studies by means of SIR-C/X-SAR. In: The X-SAR Book, W. Noack
(Editor).
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C. M_itzler,T. Weise,T. Strozzi,D.-M. Floricioiu, H. Rott: Microwavesnowpackstudiesin
theAustrian/kipsduringtheSIR-C/X-SARexperimentin April 1994,in preparation.

Rott H., andD.-M. Floricioiu: Analysisof glacierpropertieswith SIR-C/X-SAR.Contribution
to thespecialSIR-C/X-SARissueof RemoteSensingof Environment,in preparation.
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SIR-C surface and subsurface responses from documented test localities in the Sahara, Namib, and
Kalahari Deserts, Africa and the Jomada del Muerto, New Mexico

OBJECTIVES

To determine the optimum SIR sensor configuration for detection of desert duricrust and to use this
understanding to reconstruct the paleoclimatic history of two large desert regions in Africa.

To determine the ability of SIR-C/X-SAR (alone and synergistically with other remotely sensed
data) to delineate and map near-surface, regional caliche deposits and other "fossil" duricrusts
formed during a series of less arid intervals in Africa, but now obscured by aeolian sand.

To test various sensor parameter configurations of SIR-C/X-SAR for discriminating among
surface and near-surface stratigraphic units in well documented sites from the SIR-A and SIR-B
experiments. The results will be used to calibrate the penetration and backscattering capabilities of
the SIR-C/X-SAR.

PROGRESS

SRL-1 and SRL-2 Crew Training in Desert Geologic Processes

In May of 1993 and May of 1994 Gerald Schaber, John F. McCauley and Carol Breed planned
and led two-day field trips into Northern Arizona and the Territory of the Navajo Nation for the
purpose of briefing and instructing the astronaut crews of SRL-1 and SRL-2 in desert geologic
processes and the scientific basis of the collaborative SIR-C/X-SAR Investigations of Schaber and
McCauley. These field trips, initiated at the request of and coordinated through Dr. Tom Jones
(Astronaut Office, JSC), were considered by the crew members participating to be extremely
helpful and instructive. The first field trip in May 1993 was so successful that Dr. Jones requested
a repeat for the crew of the second SRL mission.

Mission Planning, Targeting Activities

Between February 1994 and October, 1994 (SRL-2 mission) Carol Breed, Gerald Schaber and J.
McCauley were quite active in helping JPL SIR-C Project personnel develop complex mission
targeting scenarios, especially for the numerous study sites of interest in the Sahara, Namib, and
Kalahari Deserts in Africa. During this same time period, this same team was also asked by the PI
of the Saudi Arabia Investigation (Dr. A. Dabbagh) to act as his representative with JPL personnel

in data-take planning and targeting for the Kingdom of Saudi Arabia.
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DataAcquired

NumerousSIR-C/X-SARdatatakesweresuccessfullyacquiredfor thePI overselectedsitesin the
Sahara,Namib and Kalahari Desertsof Africa during both SRL-1 (April, 1994) and SRL-2
(October, 1994). Someof the Saharadata takeswere acquiredfor joint use between this
investigationandthePaleodrainageInvestigationof PI F. McCauley.Overall, thesedataareof
outstandingquality. Externalgroundbasedand/orairborneradarinterferencepatterns(especially
at L-band,HH andHV) arevisible to variousdegreeson someof the imagesacquiredover the
northeasternSahara(e.g.,Egypt). Becauseof the multiple passesrequiredfor theDeathVaUey
Supersite,andothermissionplanningandoperationsconstraints,no SRLdatacould beacquired
of the Investigator'sprime domestictest siteat Jornadadel MuertoNM. However,useful SRL
datawereacquiredof thePI's domesticsandpenetrationstudysite locatednearYuma,Arizona.

A total of 22 standard processed SIR-C and X-SAR scenes have been specifically requested to date
by the PI for research by the PI and his Co-I's and Collaborators: eleven of Bir Safsaf and vicinity
(Egypt); eight of Algeria/Tunisia sites; and one each of sites in the Namib Desert (SW Africa),
Yuma (AZ) and Death Valley (CA). An updated listing of all Co-Investigators and Collaborators
actively analyzing SIR-C/X-SAR data in collaboration with G. Schaber is given above.

Since the first SRL mission (April 1994) the Principal Investigator (G. Schaber) has focused
almost exclusively on qualitative and quantitative analyses of fully processed SRL- 1 SAR scenes

of Bir Safsaf and vicinity (Egypt)--the prime radar penetration and EM theory Supersite for both
SRL-1 and SRL-2. A total of 10 SIR-C/X-SAR data takes (data takes) were acquired of the Bir
Safsaf study site during SRL missions 1 and 2 (April and October, 1994) (three in quadpol mode
16, three in mode 1 IX, one in mode 8X, and three in interferometric mode 20X). These data have
been calibrated for radar backscattering coefficients (Sigma 0) to 2.3 dB. Several of the Bir Safsaf

data takes covered nearly identical image footprints for various reasons. Image data acquired on
data takes 12.1 and 82.41 during SRL-2 were purposely targeted slightly away from the Bir itself

np_der t0 fiU,gapsi n .thedata from SRL-1 and to acquire additional coverage. An additional three
-z aata taxes mat mcmaed Bir Safsaf were acquired in the interferometric mode" at the same

incidence angle (47.7) for the purpose of obtaining topographic information. The SIR-C image of
Bir Safsaf with the widest swath width (48 km) was acquired during SRL-1 data take 130.4. This

data take 130.4 was acquired in mode 1 IX, i.e., XVV, CHH, CHV, LHH, and LHV only. Fully
processed X-SAR and SIR-C data requested for this site include 100-km long scenes from SRL-1
data takes 2.1, 82.41, 98.3, 114.4 and 130.4. No SRL-2 image scenes or interferometric data

from the Bir Safsaf Supersite have yet been requested for standard processing.

SIGNIFICANT RESULTS

Progress on Studies of The Bir Safsaf (Egypt) Supersite

The most complete and most significant research results to date for this investigation center around
the PI's analysis of data takes acquired over the Bir Safsaf Supersite in southern Egypt. Schaber et

al. (1996) describe and illustrate how the X-, C-, and L- band SAR data each contribute unique
types of significant paleoclimatic and geologic information that is virtually obscured on
conventional Landsat TM-type sensors by the thin but pervasive cover of blow sand. For
example, the outstanding portrayals of: (1) a NS-trending wind erosion pattern in the bedrock on

only the X-band SAR images, (2) previously poorly mapped granitoid stocks and complexly
fractured granitic gneisses and migmatites using C-cross polarization and L-band images, and (3)
aggraded and blow-sand mantled, defunct, stream channels using all three SAR frequencies,
document to a degree heretofore unprecedented the considerable benefits of using multi-frequency
and polarirnetric SAR imagery in geologic mapping and paleoclirnatic studies of desert regions.
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Basedon detailedfield documentationcardedout by thePI andhiscolleagues(JohnMcCauley,
Carol Breed) at Bir Safsaffollowing the SIR-A andSIR-B missions(Schaberet al., 1986),the
observeddifferencesin backscatterresponseareinterpretedto resultprimarily from: (1) increased
"radar imaging depth" with increasingSAR wavelength(i.e., decreasingfrequency), (2) the
sensitivitiesof SARsignalsof differentwavelengthsandtransmit/receivepolarizationsto different
scalesof micro-roughnessbothon thesurfaceandwithin theshallowsubsurface,(3) theexistence
on the surfaceandin the shallow subsurfaceof iron oxidesandothersecondarydeposits(e.g.,
calcite,gypsum,halite,etc.)with high dielectricpermittivity, and(4) a combinationof theseand
otheraffects. In simplestterms,the differencesin geologicinformation portrayedon SIR-C/X-
SAR imagesfrom the samedata take area direct result of the specific SAR frequency and
polarizationmodeused. The effectof incidenceangleondiscriminationof geologicfeatureson
SIR-C/X-SARimagesof theBir Safsafsitewasinvestigatedfirst by simplevisualcomparisonof
imagesfrom SRL-1 datatakes82.41(22.5 incidenceangle), 114.4(46.2), and 130.4(47.9);
andsubsequentlyby quantitativeanalysisof themeanandstandarddeviationof backscattervalues
for selectedgeologic units. The smaller incidenceangle (or steeperantennadepressionangle)
resultedin betteroverall imagequality (in all polarizationmodes)for geologicanalysisthanthe
imagesacquiredata largerincidenceangle(orshallowerdepressionangles).

ProgressonCentralNorthAfrica Studies

All relevantSIR-CandX-SAR CD-ROMsfrom missions1 and2 containingdatatakesprimarily
in Algeria and Tunisia, have been provided to Andre Simonin (CNRS-IMAGEO, Paris) (the PI's
CO- I/Coordinator for the Northem Sahara). Specially requested, fully processed scenes thus far
provided by the PI (through JPL) to Simonin include: Monastir, Tunisia (2 tapes), Chott Gharsa,
Tunisia, E1 Borma, Tunisia, Chott Djerid/DJ Asker, Tunisia, Merkherrhane, Algeria (two tapes),
and Tanezrouft, Algeria. Scenes processed independently by the G-PAF but copies provided to
Dr. Simonin include: Side E1 Hani, Tunisia (two tapes); Mokine, Tunisia (two tapes); Nefta,
Tunisia; Sahara/Algeria; Quargla, Algeria, Touggourt, Algeria; and E1 Oued, Algeria. While
awaiting the receipt of the high resolution data, our Co-Is and Collaborators in Europe and North
Africa have been active in the field evaluating the SRL-1 SAR Survey images. For example, in
April, 1995, J.L. Ballais (U. Aix-Marseilles) completed a ground truth survey over the entire study
site at Chott Gharsa, Tunisia - an area in which he has over 20 years of experience in geologic
mapping. Ballais collected (with GPS location control) samples, surface properties, topography,
vegetation cover, etc. His preliminary correlation of the SIR-C survey data with ground truth at
Chott Gharsa resulted in very high expectations when comparing (in the near future) the fully
processed SAR images with regard to geomorphology and geology in southern Tunisia--especially
in synergy with Landsat and SPOT data.

At the Merkerrhane site in Algeria, Y. Callot (Univ. Tours) is presently conducting a visual
evaluation of a print of an X-SAR, fully processed scene of the Sebkras Merkerrhane area. J.
Chorowicz and C. Chalah (LGST Lab. Univ. P & M. Curie, Paris) are pursuing the processing
and interpretation of an ERS- 1 image over the Tanezrouft site (Algeria) that they intend to compare
with SIR-C and X-SAR fully processed data. They report that, compared to Landsat and SPOT
images, the ERS-1 images reveal some penetration of the sand sheets, allowing the interpretation
of slightly buried structures.

Mauritanian Sites

Fully processed data will be provided by JPL on a Mauritanian site to Dr. J. P. Deroin (BRGM-
Orleans) from data take 132.30 (Western Africa). Evaluation of an ERS-1 scene and field survey
have been conducted over this area in 1995 (Deroin and Simonin), and will be presented at the
Toulouse meeting in October 1995.
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ProgressonNamibDesertStudies(SWAfrica)

Co-InvestigatorNick Lancaster(DesertResearchInstitute-RenoNV) reportstheSRL SARimages
of the northernpart of the Namib sandseain southwestAfrica provide an enhancedview of
Quaternaryfluvial depositsin theregion. Previousstudies(e.g.,Lancaster,1984;Ward, 1987)
usedaerialphotographsto mapseveralgenerationsof Pleistocenefluvial deposits.Theextentof
thesedepositsto thewestwasnot fully definedbecausetheywerecoveredby a thin aeoliansand
cover. SRL imagesshowclearly theextentof calcrete-cementedfluvial gravelsin theareawest
andsouthof the KuisebRiver. Thesegravelsextendmuch fartherwest thanmappedby Ward
(1987). C- andL-bandHH polarizeddataprovidethebestimagesof thesedeposits,which havea
brightradarsignatureasaresultof their roughsurfaces.

In the lower Tsondab River valley (also know as the Tsonab Flats) SRL images enable
identification of fluvial gravelsbetween5- to 10-m-highlinearandcrescenticdunes. In many
areas,theformermeanderingriver channelscanbeaccuratelymapped,somethingthat Lancaster
(1984)wasunableto achieveusingaerial photographs.In the areasouthof the KuisebRiver,
SRL imagesshow that a dendritic drainagenetwork is developedon older calcrete-cemented
gravels. This drainagenetwork is directedfrom east to west and hasnever previously been
identifiedassuch.Theyweresuggestedto besomeform of patternedgroundby Besier(1980)and
Watson(1980).Ward(1987),however,suggestedthat thesefeaturesweremacro-scalefractures
developedduringdiagenesisof theunderlyingTertiary-ageTsondabSandstoneFormation. The
channelsareimagedasdarktones,suggestingthattheyarefilled by thin aeolianor fluvial sands.
The amountof thenetworkdiscernibleon theSARimageschangeswith radarwavelength.The
best resolution of the channelsand most completenetwork are obtainedwith X-band data,
followed by C-, andthenL-band.This suggeststhat thereis penetrationof thesandsby longer
wavelengthsandgives a generalimpressionof thedepthof sandcover in the channels,which
increaseswith streamorder. Furtherstudiesareplannedto explorethefull potentialof theSRL
data, now that full- resolution imagesare available. Thesestudieswill include comparison
between radar and LandsatTM dataand estimatesof the depth of radar penetration using
information from pastfield studiesby Lancaster.We planto prepareat leastonemanuscriptfor
submittal in early 1996. Someof theresultsof this studywill be presentedat the IGCP 349
meeting"Desertmargins"..,to beheldin theUnitedArabEmiratesin December,1995.

FUTUREPLANS

Plansarecurrentlyunderway to attendtheCentennialMeetingof theGeologicalSurveyof Egypt
in Cairoandto presentapaperon therole of wavelengthandpolarizationin geologicstudiesof Bir
Safsaf(Egypt)usingSIR-C/X-SARdata. Additional field work atBir Safsafis beinginvestigated
aspart of the Cairo meeting in order to field check the SIR-C/X-SAR data. Therewill be a
possiblegroupfield trip for selectedattendeesof Cairomeeting.

Thefirst oral presentation(by N. LancasterandG. Schaber)on theSIR-C/X-SARNamibresults
will bepresentedat the IGCP349 meetingto beheld in the UnitedArab Emirites in December,
1995 (See 2.2 above).

The February 1996 SIR-C/X-SAR Team meetings will be held at the U. of California, Santa
Barbara; an oral progress report will be presented on the Namib and Algeria/Tunisia SIR-C results.

An "Estimate" of Additional Data Requests (SIR-C and X-SAR) (1996):

(1) 5-10 scenes from the Namib Desert (SW Africa).
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(2)

(3)
(4)

10-15 scenes from the Central-Northern Sahara (Algeria, Tunisia, Morocco, Niger,
Mall).

5-10 scenes from Egypt-Sudan.
2-3 scenes from Death Valley, CA and Yuma, AZ.

PUBLICATIONS

October, 1995 - Oral and Poster presentations (accepted) at the Symposium "Retrieval of bio- and
geophysical parameters from SAR data for land applications"- Toulouse, France, Oct. 17-20,
1995.

November, 1996 - Presentations in scientific session S-08 "Shuttle Studies" at the Geological
Survey of Egypt's Centennial Symposium, Cairo, Egypt, Nov. 11-14, 1996.

Abstracts

Schaber, G. G., McCauley, J. F., and Breed, C. S., 1994, New radar images of Safsaf Oasis and
vicinity, southem Egypt, Geological Society of America Abstracts with Programs, v. 26, no. 7, p.
127, 1994 Annual Meetings, Seattle, WA.

McCauley, J. F., Breed, C. S., and Schaber, G.G., 1995, SIR-C definition of the Serir-Kufra

River system in SE Libya: EOS Supplement April 25, 1995, p. $196 (AGU Spring Meeting,
poster #P51A-4).

McCauley, J. F., Breed, C. S., and Schaber, G. G., 1995, Mapping the Wadi Kufra
paleodrainage system in eastern Libya using spaceborne imaging radar, poster presentation at
Symposium on "Retrieval of bio and geophysical parameters from SAR data for land applications,
Toulouse, France (October 1995), in press.

Schaber, G. G., McCauley, J. F., Breed, C. S., and Issawi, Bahay, 1995, The roles of
wavelength and polarization in geologic studies at Bir Safsaf (Egypt) using SIR-C/XSAR data,
1995.

Abstracts and Programs, Geol. Soc. of America, Annual Meetings (New Orleans LA-November 6-
9, 1995), in press.

Musick, Brad, Schaber, G. G., and Breed, C. S., 1995, Use of AIRSAR to identify woody shrub
invasion and other indicators of desertification in the Jornada (NM) LTER, in abstracts of the

Ecology Society of America (ESA) Annual Meeting (Summer, 1994), Bull of the Ecology Society
of America, v. 75, no. 2, (supplement), p. 163.

Musick, Brad, Schaber, G. G., and Breed, C. S., 1995, Use of AIRSAR to identify woody shrub
invasion and other indicators of desertification in the Jornada (NM) LTER, Summaries of the Fifth
Annual JPL Airborne Earth Science Workshop (January 23-25, 1995), Publication 95-1, vol. 3,
Jet Propulsion Laboratory, Pasadena, CA, pp. 31-34.

O_n_temmre
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Schaber,G. G., McCauley,J.F., Breed,C. S., andIssawi,Bahay,The role of wavelengthand
polarizationin geologicstudiesof Bir Safsaf(Egypt)usingSIR-C/XSARdata,J. Geophy.Res.-
Planetsor RemoteSensingof Environment;50+pages,beingsubmittedin October(1995).
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Dr. Robert J. Stern

Center for Lithospheric Studies
University of Texas at Dallas
Box 688
Richardson, TX 75083

Co-Investigators:
Timothy H. Dixon
Kent C. Nielson
Mohammed Sultan

JPL/Caltech
Univ. of Texas at Dallas

Washington Univ., St. Louis

SIR-C Studies of the Precambrian Hamisana and Nakasib Structures, NE Sudan, in Add Regions
of Low Relief and in the Subsurface

OBJECTIVES

a) Develop techniques for optimizing structural analysis of basement trends in arid regions with
extremely subdued topography and/or thin aeolian cover.

b) Apply results of (a) to map the southern extension of the Hamisana Shear Zone and the western
extension of Nakasib Suture.

c) Apply results of (b) to constrain the roles of terrane accretion and strike-slip re-organization for
late Precambrian crustal evolution in NE Africa.

PROGRESS

Our proposal called for evaluating the suitability of SIR-C/X-SAR imagery for resolving basement
structures in hyperarid regions where visible and near-infrared imagery revealed only sand
covering. Specifically, we proposed using the radar data to def'me the southern extension of the
Hamisana Shear Zone in NE Sudan. This Precambrian basement structure lies in the Sahara

Desert, earth's most hyperarid environment. We had previously exhausted efforts to use
conventional imagery to resolve the structure. The study area that we originally proposed is shown
as 'Original Proposed Study Area' in Fig. 1. In preparing for the SIR-C/X-SAR experiments,
field studies led us to recognize that a parallel but more westerly structure was also important. This
is the poorly exposed and consequently very poorly known Keraf Shear Zone. Following
preliminary field studies which indicated that the Harnisana may terminate just south of its present
outcrop limit, and that the Keraf Shear Zone may be more important than previously thought, we
redirected our efforts towards studying the Keraf. This is a slight change in direction that has been
justified by subsequent discoveries resulting from our interpretation of the SIR-C/X-SAR imagery.

Prior to receiving the SIR-C/X-SAR data, we carried out a field program based on structural
interpretation of SIR-A data over the northern part of the Keraf Shear Zone. This was done in
order to better prepare us to interpret the SIR-C/X-SAR images and to define the fundamental
structural characteristics of the Keraf that were likely to be so identified. The location of this 'SIR-
A pilot study' is shown in Fig. 1, and the results of this investigation have been published
(Schandelmeier et al., 1994; Stern et al., 1993) or are now in press (Abdelsalam et al., in press).
We also took advantage of the preparation phase to prepare an overview summarizing the sequence
of events and global significance of the tectonic evolution of the Arabian-Nubian Shield (Stern
1994).

Progress in the Past 1.5 years

Our experiment continues to focus on using the multi-parameter characteristics of the SIR-C/X-
SAR imagery to find, define, and interpret geologic features in hyperarid regions, and to
understand the extent to which the radar is resolving structure by penetration through sand or back-
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scatteringfrom subtletopographicexpressionsof structure. Oncethe SIR-C/X-SARdatawere
acquired,wecompiledSRL-1and-2 surveydataoverall of NE Sudan. This involved obtaining
reconnaissanceL-band datatakes(Alden prints) and compiling thesewith referenceto known
geologic structures.This comprehensivedataset was then studiedto identify wherefurther
processingeffortsandfield studies(ground-truthefforts)shouldbeconcentrated.This work was
completedat theendof Spring1995,andbecausethequality of the L-bandAlden prints is very
similar to that of SIR-A,wewerewell preparedto interprettheseimageson thebasisof ourpilot
study in the northernKeraf Zone. This phaseof our study indicatedthat the original focus -
tracingthe southerncontinuationof theHamisanaShearZone- wasnot likely to be fruitful, and
we switchedourprimaryfocusto theheretoforeunknownsouthernpartof theKeraf ShearZone,
whereweareconfidentthatouroriginalobjectivescanbeattained.Thisareais labeled'New Area
of Primary Concentration'in Fig. 1. Thefirst andmostexciting resultto datewasour discovery
on the radarimageryand subsequentgroundverification of two previously unrecognizedshear
zones(which wehavenamed'Abu HamedShearZone'and'Abu Dis ShearZone';Fig. 2) along
theNile north of Atbara. This is thesouthernpartof theKeraf zone,andwhile its existencehas
beenlongsuspectedto lie in this regionon thebasisof isotopicconsiderations,it wasnot until we
examinedthe SIR-C/X-SAR imagerythat the location, trend, and eventhe existenceof this
importantlithosphericstructurein thisregionwasdemonstrated.

This discovery was the result of the SIR-C/X-SAR imaging capabilities, and we are now
concentratingonunderstandingandexploiting thisresult. We areconvincedthat this discovery
dramaticallydemonstratestheimportanceof radarto geologicalstudiesin hyperarid,poorlyknown
regions,amongwhichtheSaharaDesertis thetypeexample.After carefulstudy,weconcludethat
almostnoneof thestructuresvisible ontheradarimages(Fig. 3) can be seen on images produced
from a wide range of visible and near infrared sensors. We have studied Landsat TM images,
Shuttle hand-held photography (acquired during the April 1994 flight), and 1:80,000 air photos in
efforts to discern structures that are vividly revealed in the radar images. We conclude that there is
no way that the visible and near-infrared images could have been processed or interpreted that
could have resolved these structures.

It is presently unclear how much of the radar's sensitivity to structure is the result of penetration of
sand drapes and how much is due to subtle variations in topography and low, nearly-hidden
outcrops. Answering this question is an important part of the work that remains to be done in the
next two years.

Just how spectacular the SIR-C images of the area are is shown in Fig. 3, a very small part of the
region shown in Fig. 2. This scene was processed at UTD. The radar images show remarkable
detail over the shear zone, revealing a complex, intensely folded region to the east of the Abu Dis
shear zone and a less intensely deformed region to the west of the shear zone. We carried out three

weeks of field studies in the region last April. This concentrated on refining our structural
interpretations of selected portions of the region shown in Fig. 3, and on understanding how much
of the structure is buried beneath dry, wind-blown sand (and how thick is this cover). Our
preliminary estimate is that a variable thickness of sand covers a basement peneplain. Our
preliminary estimate is that about 10-20% of the desert surface is low basement outcrop and the
other 80-90% is 2-200 cm of windblown sand. The situation in the field is shown in Fig. 4, as is
how the region appears with visible and near-infrared imagery.

SIGNIFICANT RESULTS

Our work is continuing, but we have prepared two abstracts on our results (Abdelsalam et al.,

submitted; Stern et al., submitted) that will be presented at the 1995 national meeting of the
Geological Society of America meeting in November. We are also preparing a manuscript (Stern et
al., in prep.) that will be submitted to the special volume of JGR-Green on geologic results from
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SRL-1and2. Anothermanuscriptnearingcompletionreportstheresultsof our structural studies
of southern Keraf Shear Zone, based on interpretation of the SIR-C/X-SAR data and field

investigations (Abddsalam et al., in prep.). Several other publications are planned following
completion of our studies.

FUTURE PLANS

Our top priority is completing the analysis of data sets that cover the 'New Area of Primary
Concentration' outlined in Fig. 2, and publication of these results. We have all of the radar data

sets that we need, and we are proceeding with the following work plan: 1) Assembly of L-band
total power image (black and white) over the entire area outlined in Fig. 2.; 2) Generation of
individual false-color L-, C-, and L/C images for subscenes covering all of Fig. 2; 3)
Coregistration of L-, C-, and X-band data sets for selected parts of the region outlined in Fig. 2;
and 4) Field checking of results following final image processing. Items 1 and 2 are well in hand,
and these tasks should be completed sometime in the next 2 months. We place a very high value
on item 3. One of the few disappointments of the SIR-C/X-SAR experiment has been the scarcity
of images that use all three wavelengths. This is unfortunate for two reasons. First, the

international nature of the experiment means that a very real part of the collaboration is reflected by
the products that use both data sets, and the relative lack of these products can all too easily be
interpreted as indicating a lack of true co-operation. Second, the SIR-C/X-SAR platform is unique
in acquiring simultaneous multi-wavelength data, and this aspect should be considered for future
orbital radar platforms. Coregistration of all three wavelengths is a very high priority, and this task
is being carded out with S. Okonek and other scientists at JPL. An important part of this effort
will be comparing images produced from the three-wavelength coregistered data with images
produced using only L-, C-, and L/C.

Finally, we require another 2- to 3-week field expedition to Sudan. This is needed in order to

carry out GPS-controlled field checks of our structural interpretations, collect a few samples for
radiometric age determinations needed to constrain the age of deformation, and to quantify the
depth of sand cover and percentage of basement exposure. This work will be the focus of our
efforts during most of FY 96.

In late FY 96 and early FY 97, following completion of the primary tasks outlined above, we will

turn our attention to application of SIR-C/X-SAR data to another poorly exposed region along the
Nile in Sudan, shown as 'New Area of Secondary Concentration' in Fig. 2. The work plan for
this area will be similar to that oudined above or the Keraf area: 1) Assembly of L-band total power
image; 2) Generation of detailed false-color images, either coregistered X-, C-, and L-band data, or
L-, C-, and L/C, depending on the results of our study outlined above; and 3) Field work to verify
and modify interpretations and provide data regarding amounts and depths of sedimentary cover.
The data sets that we need to conduct this phase of the work are about half complete, and we
expect to submit requests for another 10-15 precision products to both JPL and DLR.

Finally, in late FY 97, we hope to apply our refined techniques to a study of the Allaqi-Heiani
suture. This fundamental lithosphere structure in SE Egypt is poorly known, but appears to be
deflected by the northern extension of the Keraf Zone. If time and funds allow, we would like to

carry out the sorts of investigations outlined above to studying this structure. If this work moves
forward, we expect to require another 20 precision products from both JPL and DLR.
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PUBLICATIONS

Abdelsalam, M.G., Stern, R.J., Daniels, A.T., Elfaki, E.M., Elhur, B., and Ibrahim, F., in
press.Tectonicevolution of theNeoproterozoicKeraf Zone,Sudan.Geol. Soc.America,Ann.
meeting(abs.).

Abdelsalam,M.G., Stern,R.J., Schandelemeier,H., and Sultan,M., in press. Deformational
historyof theNeoproterozoicKerafZone,NE Sudanrevealedby ShuttleImagingRadar.Journal
of Geology.

Schandelmeier, H., Wipfler, E., Kuster, D., Sultan, M., Becker, R., Stern, R.J., and
Abdelsalam, M.G., 1994. Atmur-Delgo suture: A Neoproterozoic oceanic basin extending into the
interior of NE Africa. Geology v.22, p. 563-566.

Stern, R.J. 1994. Arc Assembly and Continental Collision in the Neoproterozoic East African
Orogen: Implications for the Consolidation of Gondwanaland. Annual Reviews of Earth and
Planetary Sciences v.22, p. 319-351.

Stern, R.J., Abdelsalam, M.G., and Daniels, A.T., in press. Shuttle Imaging Radar reveals a
major deformation belt in the Sahara Desert of Sudan. Geol. Soc. America, Ann. meeting (abs.).

Abdelsalam, M.G., and Stern, R.J., submitted. Shuttle Imaging Radar imaging of buried and
poorly exposed basement structures in hyper-arid terrains. J. Geophys. Res. - Planetology.

Stern, R.J., Abdelsalam, M.G., Schandelmeier, H., and Sultan, M., 1993. Carbonates of the

Bailateb Group, NE Sudan: a Neoproterozoic (ca. 750 Ma) passive margin on the eastern flank of
Gondwanaland, Geol. Soc. America, abs. with progr, v.27, p. 49.

Figure Captions

Figure 1: Locality map of Precambrian basement outcrops in NE Sudan and the locations of

various study areas proposed in the text. Note that the area labeled "New Area of Primary
Concentration" also shows the location of Figure 2.

Figure 2: Geologic sketch map of the southern Keraf Zone. The geology from west of the Nile is
generally, well-exposed and is taken from various published reports and our own field
mvestagatlons. The geology east of the Nile is not exposed and represents our interpretation of

SIR-C L-band survey images supplemented by field checking. Notice that the geology of this part
of the Keraf Zone is complex, with ultramafic rocks defining the folded surface of the suture

between the pre-l.0 Ga crust of the East Saharan Craton and the 0.85 - 0.65 Ga juvenile crust of
the Arabian-Nubian Shield, and younger left-lateral strike-slip faults (Abu Hamed shear zone and
Abu Dis shear zone) disrupting the older suture. The area of detailed work to date is shown in the
rectangle labeled 'Figure 3.'

Figure 3: Area of detailed work on the Abu Hamed and Abu Dis shear zones. 'A' shows a SIR-C

image (SRL-1, Data take 82.42) processed (HH polarization, red = L-band power, green= C-band
power, blue = L/C). This image reveals a variety of previously unknown structures, interpreted in
'B.' Our field work in April 1995 concentrated on understanding the geometry of these structures.
The location of the detailed image shown in Figure 4 is outlined by rectangle in 'A.'

Figure 4: Comparison of images of the study area. 'A' shows terrain along the Abu Dis shear

zone, looking SSW from arrow 'a' in 4. The <lm high ridge is made up of mylonitized granite
emplaced in the shear zone during deformation. 'B' shows terrane looking east from arrow 'b' in
4. Notice the low hills in the distance; these can be recognized as two NE-SW elongated ridges
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about6 km to the east. Notice very subduedoutcropin foreground. 'C' showsthe SIR-Cscene
itself, processedasdescribedfor figure 3. This sceneis about20km wide. 'D' showstheregion
in 4 outlinedby arectangleasphotographedduringSRL-1 (photoSTS059-L19-OCF).Noticethe
absenceof anystructuralfeatures.All visibleandinfraredimagesaresimilarly featureless.
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Dr. Geoffrey R. Taylor
Department of Applied Geology
Univ. of New South Wales
P.O. Box 1

Kensington NSW 2033
Australia

Geology and hydrology projects - Australia

OBJECTIVES

To assess the utility of multipolarization multifrequency spaceborne radar for surficial
sediment mapping (lithology, rock weathering, and geochronology,) and groundwater
management (arid regimes) in a variety of Australian environments.

To establish the utility of the SIR-C imagery for recognizing basement structures (tectonics

and geologic boundaries) by mapping drape-related fractures in overlying surficial
sediments.

PROGRESS

Data acquired

The Australian group was able to acquire data over several of its test sites during the
AIRSAR campaign of September 1993 and the two SIR-C/X-SAR missions. The principal
purpose of each site was as follows:

AIRSAR

Pyramid Hill (Kerang) - Soil salinity mapping with dielectric constant measurements

Palm Valley - 3-Dimensional geological smactural analysis of the Palm Valley Gas Field
Fowlers Gap - Studies of the regolith and geological mapping
Yass - Dryland salinity mapping in an area of moderate relief

SIR-C/X-SAR

Pyramid Hill (Kerang) - Soil salinity mapping through dielectric constant measurements

Palm Valley - 3-Dimensional geological structural analysis of the Palm Valley Gas Field
plus

Northern Luzon, Philippines - geological, structural, and environmental mapping

SIGNIFICANT RESULTS

Pyramid Hill (Kerang) - Inversion of the AIRSAR data has allowed for the mapping of the
Complex Dielectric Constants over the study region. Atypical wet soil conditions at the time

of acquisition meant that variations in the dielectric constant were due mainly to the
imaginary part of the complex constant, and hence due to salinity. The dielectric constant
maps provide the best available maps of soil salinity for the region. The L-band-derived

image provides the best indication of surface salinity (Figure 1). The dielectric maps
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derivedfrom C-,L- andP-bandgive indicationsof theextentof salinityatdepth(Figure2)
andcanbecombinedto giveacolor compositethatclearly indicatestheseverityof salinity
(Figure3).

Comparisonof thevariousavailableinversiontechniquesshowsthatin thisregionof low
relief, the smallperturbationmodeldiscriminatessalineareaswell butunderestimatesthe
magnitudeof thedielectricconstant.Thesemi-empiricalmethoddevelopedatJPLprovides
thebestresults.Thesemaybecomparedqualitativelyasfollows:

Model

SPM
UNSW
SPM
Colorado
JPL
Empire

Mean

4.72

5.28

10.12

6.48

SD

11.97

11.86

10.05
9.7

Max

100

100

88

687

Variation/
incidence

moderate

excessive

slight
none

dynamic
range/discri
m.

excellent

fair

excellent

very poor

Other processing carried out on Pyramid Hill AIRSAR data:

Decompositions by MAPVEG
Surface roughness mapping with RAVEN
Polarization signatures with ENVI

These different processing strategies have been used to create three useful map products
that show surface roughness, surface scattering mechanisms, and the multifrequency
derived dielectric maps (Figure 4).

Both the UNSW small perturbation inversion and the semi-empirical JPL inversion have
been applied to several of the available SIR-C scenes. Problems with modifying code to
take appropriate account of incidence angle have delayed the work. To date we have found

that the dielectric maps give a good indication of the local soil moisture content (Figure 5a).
This in turn is related to the recent irrigation history. Only on one data take (SRL-2, 84.8),
which was acquired after light rain, is there any indication of the soil salinity that was so
visible on the AIRSAR images (Figure 5b). Inversions of the small incidence angle images
appear to give much noisier maps of the dielectric constant than do the large incidence angle
images. The RMS images produced by the JPL inversion are an accurate reflection of
surface roughness.

3 -Dimensional geological structural analysis of the Palm Valley Gas Field

We have developed software, VECTOR3D, using the Interactive Data Language (IDL), that
allows the elevation of any point along the trace of a geological feature visible in the
remotely sensed image to be derived from the integrated digital terrain data. Several
different methods are provided for the estimation of the dip and strike of the inferred
geological structure and for testing the reliability of the determination. Additional tools are

provided for annotation of interpreted features, modeling of geological structures, and the
estimation of the depth to particular modeled structures.
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We arecurrentlyundertakingananalysisof the3-D orientationof all structuresvisible on
the AIRSAR imageryof PalmValley. This work hasimportant petroleumexplorationimplications.

FowlersGap,westernNSW

AIRSAR andTOPSAR imageryfrom FowlersGaphasbeenthoroughlyevaluated.The
surfaceroughnessaspectsof theAIRSAR dataform ausefulancillarydatasetto combine
with other forms of remotelysenseddata.TheTOPSAR datahavebeenusedto create
topographicsurfacesuponwhichTIMMS imageryhasbeendraped.This providesa very
powerfulimagefrom whichsurficialgeologycanbemapped.

Yass,centralNSW

TheYassAIRSAR imageryhasbeeninverted,usingasimplesmallperturbationmodel,to
mapsoil dielectric constants.The resultsweredisappointinglynoisy, mostly due to the
moderatetopographyandhighlevelsof vegetationcover.We hopeto developaninversion
algorithmwhichtakesintoaccountthetopography,calculateslocalincidenceanglefor each
pixel,andhencemightgive morereliableestimatesof thesurfacedielectrics.

NorthernLuzon,Philippines- SeveralSIR-C/X-SAR sceneshavebeenreceivedfor the
Zambalesophiolitebeltwhich liesimmediatelyto thenorthof MountPinatubo.Studiesto
datehaveutilized topographyandimagetextureto mapgeologyandstructure.It is hoped
thatan interferometricDTM canbeobtainedthat will allow thestudy to expandinto an
analysisof the role of topographyin facilitating mapping of geology and landscape
evolution.LocalPhilippinestudentsunderthesupervisionof UNSWacademicsarekeento
usetheDTMs for characterizinglahardepositsaroundMountPinatubo.

FUTUREPLANS

In orderof priority, ouroutstandingobjectivesare:

* 1.To producea regionalmapof thesoil salinity of the TragowelPlainsregionaround
PyramidHill, Victoria. RequiresJPLto processfurtherAIRSAR imageryasrequestedinDecember1995.

2.To fully evaluatetheresponseto soil moistureandsalinityshownin theSIR-C/X-
SARimagesonatemporalandincidenceanglebasis.

3. To fully evaluatethe power of Cloude-typedecompositionsfor mapping surface
scatteringcomponentsin bothAIRSARandSIR-C/X-SARimagery.

*4. To developinversionroutinesthatwill properlytakeaccountof local incidenceangle
variationsin areasof moderaterelief (Yass).

*5. To completean evaluationof SIR-C/X-SAR and the derived DTMs for mapping
geology, structure, and environmentalfeaturesin tropical areas,using the data fromnorthernLuzon.

* indicatesobjectivesrequiringfurtherprocesseddata
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Polarimetric Radar Observations of Forest State for Determination of Ecosystem Process

OBJECTIVES

The objectives of this research are to test the hypotheses that ecologically significant forest state
parameters may be estimated from SAR data. These include estimation of above ground biomass,
plant water status, and near surface soil moisture under certain forest conditions.

Test hypotheses in the northern hardwoods forest community, refine them if necessary, and
establish techniques for retrieving this information from orbital SARs such as SIR-C/X-SAR.

This report summarizes (1) recent progress, (2) significant results and (3) research plans
concerning SIR-C/X-SAR research conducted under JPL Contract No. 951869. Significant
progress has been made with regards to data acquisition, data analysis and dissemination of results
during the 18-month period from March 1994 to August 1995. The data have been fully
documented and the substantive findings have been thoroughly reported via technical reports,

symposia and journals subject to peer review. The research plan for the next two years has two
phases: (1) complete the analyses of the Raco Supersite data and (2) extrapolate significant results
and methodologies to other SIR-C/X-SAR test sites.

PROGRESS

During the past 18 months, research efforts have concentrated on (1) acquisition of data before,
between and during the two SRL missions, (2) reduction, documentation and distribution of the
data, (3) analyses of the SAR and ancillary data concerning land-cover classification and retrieval
of forest biophysical properties, (4) syntheses of research results and (5) dissemination of SIR-C
activities and data to the general public. Progress in each of these areas is briefly reviewed. The

amount of processed SIR-C data for the Raco Supersite was somewhat limited until just recently.
Only 50% of the acquired data takes had been processed and delivered as calibrated SLC products
prior to 8/15/95. However, we have received the remaining 50% of the data within the past two
weeks. All X-SAR data were processed and delivered by May 1995. Data acquisition activities

completed over the past 18 months include: (1) SAR calibration support, (2) extensive inventories
of land-cover information, (3) updating biometric surveys of approximately 60 forest stands and

(4) in situ observations of moisture, dielectric, precipitation and temperature conditions during the
SRL missions. Over 35 persons have been involved in these efforts.

Calibration

The calibration activities consisted of deploying arrays of passive and active point targets of known
radar cross-section as well as the measurement of distributed targets using a truck-mounted

polarimetric scatterometer. In support of both SIR-C/X-SAR and associated under flights by the
JPL AIRSAR, these targets were repositioned, as needed, to optimize performance for each
overpass. The 3-D differentially processed GPS coordinates were obtained for each target and
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forwarded to JPL during each mission, along with the expected RCS of each target, for use in the
initial calibration of the SIR-C data. The distributed target measurements are being used under
separate contract to improve estimates of the SIR-C distortion matrices. Accurate calibration of
both amplitude and phase are essential for application of robust quantitative algorithms.

Land-Cover Classification

Much effort has been put into activities supporting land-cover classification using SIR-C/X-SAR.
Classification is an essential precursor to accurate retrievals of geophysical properties (i.e., soil
moisture) and biophysical properties (i.e., biomass). Small aircraft were chartered in April and
October 1994 to acquire both video and still photography during each of the SRL missions. A 30-

km x 50-km region surrounding the Raco Supersite was imaged. This imagery augments ground-
level surveys and photography to document land-cover and land-use conditions over both the
forested portion of the supersite and an adjacent agricultural area. These qualitative data are used in

conjunction with more detailed quantitative information obtained for approximately 60 forest stands
and 30 non-forested areas to provide independent training and testing populations used in
development and evaluation of a land-cover classification.

To date, we have tested both simple hierarchical knowledge-based approaches to classification and

also optimized Baysian classifiers (as well as hybrid techniques). For purposes of technique
development and extension of prior results based upon JPL AIRSAR data, our efforts have

concentrated thus far on a small number of data sets, SRL- 1 data take 6.1 (at 31 ° incidence angle)
and data take 22.2 (at 21 ° incidence angle) for both SRL-1 and -2. Our approach has been to (1)
define and optimize a classification technique, (2) evaluate the role of azimuth angle and temporal
effects (day-to-day variation in scene dielectric properties and seasonal phenologic changes) on
classifier stabil!ty, (3) evaluate effects of angle of incidence on classification and (4) investigate the
improvement m classification afforded by either multitemporal or multiangle classification
techniques. Classifications developed using AIRSAR data have been successfully extended to
SIR-C/X-SAR data and confirm expectations. Greater than 90% classification accuracy is
generally achieved when land-cover classes are defined on the basis of structural attributes.
Multitemporal classifications show some improvement over single-date classifications due

primarily to phenologic changes in the crown layer. The SAR-based classifications provide
structural information not possible using optical techniques.

Biomass Retrieval

Biometric surveys were conducted of approximately 60 forest stands within the Raco Supersite
during the four-year period from 1990 to 1993. During a two-week period in July 1994, a team of
16 persons, including a group of high school students selected by the Johns Hopkins Center for
Talented Youth, reinventoried 22 of the youngest stands for which annual growth leads to a
significant percent change in total biomass. Approximately 20,000 stems were measured during
this period. In addition, new allometric equations were generated on the basis of our data to

estimate tree height from diameter and then applied to the full sample population of over 70,000
tree stems to provide an updated data base of forest biomass concurrent with the SIR-C/X-SAR

data. This data base represents an investment of over 12,000 hours of effort. During the SIR-
C/X-SAR missions in April, August and October, on site teams of about 15 persons collected daily
measurements of moisture, density, temperature and dielectric properties of soil, snow and

vegetation for a representative subsample of the 60 forest stands within the Raco Supersite.
Surface roughness was also characterized at two scales for a subset of the forest stands using
surveying equipment over 50-m transects and photographs of 2-m roughness panels to record

micro relief. In addition, leaf area index was measured for all forest stands during August and
September using a techniques based on the optical transmittance of the canopy. These data have
been processed, edited and published in two technical reports.
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Thebiomassdatahavebeenmergedwith theSIR-C/X-SARdata and completely analyzed for two
data takes (SRL-I: 6.2 and 102.41); another pair of data takes are partially analyzed (data take 22.2
on SRL-1 and -2). A semi-empirical technique has been developed and tested that uses a three-step

approach to yield final estimates of crown, trunk and total above-ground standing biomass. The
approach utilizes the SAR-based land-cover classification, then estimates average tree height and
basal area which in turn are used to estimate trunk-layer biomass. These estimates have been
found to be highly accurate, and are generally within 10% of the allometrically-determined values
(which themselves have associated uncertainties on the order of 15%). Hence, the SAR-based
results are comparable to or better than those from detailed ground-based surveys costing on the
order of $1,000/ha. These initial results have generated a high level of excitement within the
ecological and forestry communities.

Soil Moisture

The descending passes of SIR-C/X-SAR acquired data over an agricultural region immediately to
the southeast of the Raco Supersite. During SRL-2, detailed observations were made of vegetation
cover (i.e., type, height, biomass, moisture, leaf area index), surface roughness and soil properties
(moisture, density and dielectric constant). The soil data were collected on a daily basis during the
last half of SRL-2 (repeat orbit phase). These data have been edited, compiled and published in a
technical report. The purpose of these data is to test and validate improved algorithms to estimate
near-surface soil moisture beneath short vegetation covers. The data are not yet analyzed for this
purpose.

In addition to the conduct of experimental activities and analyses of the data, our team has
contributed to a number of other associated activities. One or two team members have attended all

SIR-C Team and Working Group meetings. We contributed heavily to the NRC review. A
significant additional effort was put into (1) providing "real-time" analyses of land-cover
classification and biomass retrieval during both SRL-1 and -2, (2) provision of both studio
interviews and on site video of experimental activities for the JPL Public Information Office, (3)
approximately 20 interviews with radio, television and print journalists, (4) classroom instruction
and teacher assistance at the high school level as part of the SIR-C Public Education Initiative and
(5) seminars and workshops to disseminate SIR-C results to working ecologists and foresters at
the Hiawatha National Forest.

FUTURE PLANS

During the next two years, further analyses of SIR-C/X-SAR data will be conducted in two
phases: (1) complete analyses of the Raco Supersite data and (2) extend the methodology and
algorithms to other SIR-C sites. During the first phase, land-cover classification and biomass
retrieval methodologies and algorithms will be completely evaluated using the full set of SRL-1 and
-2 SAR data. For both activities, temporal variations in scene dielectric properties and phenologic
conditions will be evaluated using same angle pairs of data takes both within a mission (day-to-day
variation) and between SRL- 1 and -2 (seasonal variation). The effects of angle of incidence will be
evaluated using SIR-C/X-SAR data that range from 20 ° to 44 ° for a common azimuth view angle.
The effects of azimuth viewing angle will be evaluated using data from three viewing directions but
with two sets of common incidence angles (approximately 20 ° and 30°). This work is being done
as part of a Ph.D. thesis. The added benefits of multitemporal or multiangle classification will also
be evaluated. The semi-empirical technique for retrieval of biomass requires certain ancillary data
for each forest structural type, a more theoretical approach that does not require this information
will be tested with a subset of the SIR-C/X-SAR data. Finally, analyses will be conducted for
purposes of soil moisture retrieval using the data acquired during SRL-2; the algorithms to be used
are being developed under separate contract. All of the SIR-C/X-SAR data for the Raco Supersite
have been processed and delivered for the SLC "calibrated" product. The only additional
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processingthat we needis for geo-codedproducts. We havefound that ourefforts havebeen
considerablyslowedby theabsenceof suchaproductandforeseegreatdifficulty in extensionof
theRacoSupersiteresultsto otherregionsof evenmodestrelief until suchaproductis developedanddistributed.

During thesecondphase,thosetechniquesandalgorithmsfoundto beusefulattheRacoSupersite
will be testedat other SIR-C/X-SARsites. This will allow us to test for robustnessand take
advantageof theancillarydataacquiredat otherUSandforeignsupersites.Theecologysupersites
will beusedfor this purpose.First,wewill testthealgorithmsin biomessimilar to theregionof
development(i.e., atHowlandandDukeForest),thenthetechniqueswill beassessedat othersites
primarily thosein Europe.Someof theprocessedSIR-Cdatahavealreadybeenmadeavailableto
us for this purpose. We do not expect to be requestingadditional SIR-C/X-SAR processing
beyondwhatis requestedby sitePIsfor thispurpose.
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SIR-C/X-SAR Wind and Wave Observations In The Gulf of St. Lawrence

OBJECTIVES

Quantify the frequency/polarization dependence of the real aperture radar (RAR) modulation
transfer function (MTF).

Extend wind retrieval models such as CMOD4 (valid for C-band VV polarization) to other

frequencies/polarizations.

Test the ability of the SIR-C/X-SAR to detect wave patterns, including the effects of refraction and
diffraction, in shallow areas near islands.

Data Set:

SRL-2 (October 1994)

Meteorological buoy and a directional wave buoy deployed in the Gulf of St. Lawrence, south of
Iles de la Madeleine.

Six SIR-C/X-SAR passes obtained (three over the site, three nearby).

Canadian Spectral Ocean Wave model (CSOWM, third generation).

Status:

All six SIR-C/X-SAR images have been received in MLD and SLC format.

Image cross spectra have been calculated for all passes (28 cross spectra are available).

From the meteorological buoy, calibrated time series of wind velocity, sea level pressure, and air
and sea temperature have been produced.

From the wave buoy, calibrated directional spectra of the wave fields at each of the six pass times
have been derived (mean energy, direction, and spreading at a set of 13 wave frequencies).

CSOWM has been run in hindcast mode.

The small incidence angles, and corresponding poor calibration, will prevent further evaluation of
wind retrieval models.

FUTURE PLANS

Further SIR-C/X-SAR data requests are not anticipated.

196



The wind/wave frequency/polarization dependence of the RAR MTF will be studied using
empirical methods.

All cross spectra will be inverted to heave spectra using the wave model spectra as a starting point.

The cross spectrum methodology will be evaluated using the buoy spectra.

These analysis results will be published in the special issue on SIR-C/X-SAR oceans results
(JGR?) to be organized by B. Holt.

PUBLICATIONS

Vachon, P. W., F. W. Dobson, and R. Lalbeharry, "SIR-C/X-SAR wind and wave observations
in the Gulf of St. Lawrence," Proc. IGARSS '95, 10-14 July, Firenze, Italy, IEEE 95CH35770,
pp. 1314-1316.
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Passive and Active Calibrators for Multifrequency and Multiangle X-SAR/SIR-C Image
Radiometric and Geometric Corrections

OBJECTIVES

Prove that despite the considerable number of variables contributing to SIR-C/X-SAR image
formation, the data can reveal system descriptors by studying the system response to "known
targets" (either point-like or extended) within the scene.

PROGRESS

The analysis of SIR-C/X-SAR data started from our previous work and airborne SAR
campaigns in preparation for the April and October 1994 spaceborne missions. Our attention
was focused on the data sets gathered during several passages over the Calibration Backup
supersite CB 1 (Matera, Southern Italy). The main purpose of the experiment is to prove that,
despite the considerable number of variables contributing to SIR-C/X-SAR image formation,
the data can reveal system descriptors by studying the system response to "known targets"
(either point-like or extended) within the scene. To this end, the authors have been designing
and developing passive and active L-, C- and X-band calibrators, which were used to

instrument approximately 10 square kilometers of the Matera test site, and were accurately
located with respect to the geodetic network. This instrumentation was accurately calibrated by
using anechoic chamber measurements, and successively tested and validated by means of
airborne SAR campaigns (AIRSAR, MAC Europe 1991, TOPSAR).

The step-by-step research program planned and developed in the past allowed us to test and
operate a set of ad-hoc multifrequency instrumentation for SAR calibration and data validation,

as well as to implement effective radiometric calibration procedures. The insight gained into
SAR processing and calibration techniques is being validated by analyzing SIR-C/X-SAR data.

In particular, we have available at our Department the SLC (Single-Look Complex), MLD
(Multi-Look Detected) and RSD (Reformatted Signal Data) products for all the April 1994
passages of the sensor over the CB 1 test site. SIR-C data were acquired during the first half of
1995 from the SIR-C Radar Data Center, whereas the I-PAF provided us with the X-SAR raw

(RAW), single-look (SSC) and multilook (MSD) images. Analogous data requests for the
October 1994 mission (SRL-2) are going to be fulfilled by SIR-C RDC and the D-PAF.

As it will be explained in the following sections, we performed our analysis mainly on SLC
and RSD data, obtaining results in good agreement with pre-test measurements, and which

• made us confident in the algorithms and techniques developed for the radar data analysis and
for the extraction of information from the processed SAR images.
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SIGNIFICANT RESULTS

The main results of our investigations on SIR-C/X-SAR data concern high-precision raw data
processing and radiometric calibration by means of analysis on active point targets (ARC,

Active Radar Calibrators) deployed on the Matera calibration supersite. This is the preliminary
step necessary to the creation of consistent data sets containing information on biogeophysical
information of the illuminated scene.

FUTURE PLANS

Further work on SIR-C/X-SAR data could be split into two main activities, namely, high-
precision processing for radiometric and geometric calibration, and repeat-pass interferometry
and polarimetric analysis. In the following a short description of the improvements envisaged
for each activity will be given. The first activity is the most mature at this stage of research,
and we will give short-term results, whereas the other two activities are considered in a
medium-long-term fashion.

High-precision processing for radiometric and geometric calibration. Starting from the
encouraging quantitative results obtained from the raw data compression through the simulation

of the Shuttle mission, we intend to compare different data sets of the same scene (CB1)
processed by JPL with the ones processed by means of the 2-D reference function provided by
our SAR system simulator. Besides some minor improvements of the simulator, it will also be
interesting to apply the procedure to focus all frequency bands and polarizations, and to
evaluate a trade-off between the spatial range of validity of the reference function and the

computational efficiency in updating it. Furthermore, more sophisticated interpolation
techniques could be used to derive the satellite dynamics starting from ancillary data and
including orbital and attitude propagators. This study could be connected to a theoretical
analysis of the focusing errors induced by inaccurate orbital data, allowing us to evaluate the

influence of the ephemeris inaccuracies on selection of Doppler parameters required for range-
Doppler compression. The activities described in this section will be conducted, as well as the

results so far attained, in the framework of the research program "Airborne and spaceborne
interferometric SAR data corrections for topographic applications" approved by NASA within
the Topography and Surface Change Program. The authors intend to apply the procedure to
different data sets, frequencies and polarizations, in order to produce comparative tables of

results and study the SAR system properties as a function of time, frequency and polarimetric
state. Starting from the high-precision processed SAR images, radiometric calibration and

cross-calibration between frequencies and polarizations will be performed with algorithms
developed by the authors on the basis of existing methods. Emphasis will be given on
applications of calibrated data: for example, the ARC's responses will be used to estimate

polarimetric imbalances by applying suitable distortion models. Moreover, we will analyze and

extract the in-flight azimuth antenna pattern by evaluating the ARCs' responses to the range-
compressed images, obtained by correlating the raw data with a simple range matched filter,
whose parameters will be derived from ancillary information. We also intend to exploit the
different viewing geometries for different passes over the test site. The slight shift between

successive orbits, providing images of the area under different illumination angles, would
allow us to sample a portion of the in-flight range antenna pattern, and possibly achieve fine
tuning of processing parameters. Another idea to be studied is the reconstruction of the

spacecraft trajectory by using the Doppler history of the platform: encouraging results have
been obtained by applying a coarse procedure to ERS-1 raw data, focused with a reference
function obtained by the simulator using as input the ERS-1 Restituted Orbit Data and the
ERS-1 Propagated State Vectors.
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Repeat-passinterferometryandpolarimetricanalysis. Ourgroupis primarily concernedwith
focusingspaceborneinterferometricpairs.Therefore,our futureactivities will bedevotedto
verifying repeat-passesover Italian test siteswith suitablevaluesof the baseline,in order to
evaluatethepotentialof SARinterferometryfor topographicmapping,by meansof processing
proceduresbasedonpoint targetsof knownRCS,geographiccoordinatesandphasebehavior.
We areplanning to studyandexploit theavailabilityof differentpolarimetricinformation for
interferometry,andits effecton thecoherenceof theoutputinterferogram.An interestingby-
productof thecoherenceanalysiscouldbethestudyof thepotentialof SARinterferometryfor
classification of terrain, together with the developmentof semi-automaticand automatic
proceduresfor 2-D phaseunwrapping, in order to provide the end-userwith consistent
topographicinformation andeventuallyimprovethe existing methodsfor phase-preserving
SAR processing.Data requestsof possibleinterferometricpassagesoverdifferent test sites
(for example,thethreepassagesoverMountEtna,Sicily, Italy of October9, 10,and11,1994)
areplanned.

PUBLICATIONS

Schena,V. D., F. Posa, S. Ponte, and G. De Carolis, "Development and Performance
Validation of L-, C- and X-bandActive RadarCalibrators(ARC) by Meansof Laboratory
Testsand SIR-C/X-SAR Experiments," presentedat IGARSS '95, held at Florence (Italy),
July 10-14, 1995.

Ponte, S. and A. Moccia, "Validating A Spaceborne SAR Simulator by Using SIR-C/X-SAR
Data," presented at the 46th International Astronautical Congress, held at Oslo (Norway),
October 2-6, 1995.

Ponte, S. and S. Vetrella, "Multifrequency Analysis of the SIR-C/X-SAR Instrument:
Preliminary results of the Italian Calibration Experiments," presented at the XIII Congresso
Nazionale AIDAA (Associazione Italiana di Aeronautica e Astronautica), held at Rome (Italy),
September 11-15, 1995.
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Test of Roughness and Moisture Algorithms Using Multiparameter Spaceborne SAR and
Application to Surface Hydrology

OBJECTIVES

Evaluate the usefulness of radar-derived parameters in surface hydrology.

Demonstrate the usefulness of the squint mode in the case of bare soil observations.

Compare various roughness/moisture algorithms in a real space imaging mode.

PROGRESS

The Orgeval SIR-C/X-SAR Experiment in April 1994

The area surveyed by SIR-C/X-SAR included two monitored watersheds, M61archez and

Orgeval, covering 5x5 km 2 of intensive agricultural plains east of Pads (France). In April 94,

the majority of fields were bare soils, except for wheat (20 _m h_h). During the 5 days of SAR
passes, soil moisture remained high and constant (0.35cm /cm ) over the watersheds and soil
roughness and practices were the remaining variables.

A detailed survey was done and a crop map generated (70 fields of more of one ha) shown on
Figure 1. Photography of soil surfaces was done over 50 bare fields. Ten fields (numbered one
to 10) were intensively characterized and were representative of the region's cultures (four of
wheat, two of peas, three of corn, one ploughed field): soil moisture and density data
(gravimetric and neutronic), height profiles by pin-profilers, penetrometer. A SPOT image
(from June 1994 ) was used to assess the field boundaries. The 70 fields were classified by
roughness aspects (Table 1).

The SAR images' incidence angles range from 44 ° to 57 °. Simultaneously, several flights of the
copolar scatterometer ERASME of the CETP ( C- and X-bands ) were done in SAR site
direction and over the tested region, keeping flights perpendicular and parallel to the row
directions over test fields. The ERASME incidence angles were from 25 ° to 50 °.

Intercomparison of SIR-C/X-SAR cross-sections was done over natural targets, on fields seen
on the same incidence angle and the same view azimuthal angle. The intercalibration of the three
radars was within 2 dB at maximum (Figures 2 and 3).

SIGNIFICANT RESULTS

Polarimetric signatures in multiconfiguration conditions (three frequencies, L, C, X, multi-
incidence, and polarization ) were studied, following two approaches:
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aglobal analysisof theability of L- andC-bandto discriminate(thanksto unsupervised
classificationalgorithms)the polarimetric signaturesof different land covertypes,for
cropmapelaborationin anearlystageof plantgrowth.

thetest of existingmodelsof backscatteringover agricultural surfacesandtheappro-
priatenessof surfacedescriptions.

Mono-BandandMulti-BandClassification

First,unsupervisedmono-bandmono-incidenceclassificationswereperformedonHH andHV
SIR-Cimages. Clustercharacteristicsweredeterminedusingthefuzzy c-meansalgorithmand
thenimageswereclassifiedaccordingto theMaximum A Posteriorcriterion. The numbersof
clusters were four for C-band classification and six for L-band classification. Then
identificationratesof themaincoverlandtypeswerecomputed.Foreachof thefour landcover
types: forest, wheat, ploughedland and seedling,figure 4 showsthe C-bandandfigure 5
showsthe L-bandidentification ratesversusincidenceangle,andthe classificationalgorithm
used:supervised(called"svs") or unsupervised(called"nsvs"),blind (subscript"0") or MAP
(subscript"1"). Themainresultsare:

a- regularizationstep(MAP classification)reducesclassificationerrors;
b- L-bandperformsbetterin soil covertypediscriminationthanC-band;
c- identificationratesinC-bandincreasewith incidenceangle(between44° and57°);
d- ploughedlandidentificationin L-banddecreaseswith incidenceangle.

Then,complementarityandredundancybetweenL- andC-bandswerestudiedin aquantitative
way.Figure6showstheredundancyrate(mutualinformationnormalizedbytheimageentropy)
betweenL- andC-bandunsupervisedclassificationresults,versusincidenceangle. We found
thatredundancyincreaseswhenincidenceangleincreasesbetween44oand57°. Howeverat an
incidenceangleof 57°, redundancybetweenL- andC-bandisonly about30%.

Recalling that, in C-band, land cover identification ratesarenot as goodasin L-band, but
increasewith incidenceangle,we mayassumethattheincreaseof redundancybetweenL- and
C-bandversusincidenceangleis mainly dueto theincreaseof "useful" information (which is
probablydueto increaseof contrastor reductionof specklenoise)in C-bandimages.

Finally, datafusionbetweenL- andC-bandwasperformedto improveidentificationrates.The
aim of datafusion is to useredundancybetweenimagesto reduceclassificationerrorsandto
use complementarity to put in evidence new classes.The unsupervisedmulti-source
classificationalgorithmusedis basedonDempster-Shaferevidencetheory. Figure7 showsthe
identificationratesobtainedafter datafusion,andimprovementin identificationof landcover
typesclearlyappears.

Theconclusionis thatmulti-bandL andC canbesuccessfullyusedto discriminatethedifferent
landcover types. Similar resultswereobtainedwith AIRSAR datafor discriminationof the
differentculturetypesin Summer1991.

Backscatteringmodelingandsurfacedescription

Themainresultsare:

Thereis asystematic azimuthaldependenceof copolarradarcrosssections(HH, VV)
over thesamefield with theview angletowardstherow directionin C- andX-bands,as
well for smooth fields of peaserodedby rainsandfor rough ploughed fields. It is
obtainedbycomplementaryview anglesof targetswith ERASMEandSIR-C/X-SARor
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with fields of very similar roughnessseen by SIR-C/X-SAR for smoothfields. The
mean differencebetweenperpendicularandparalleldirection is about2 dB, which is
largecomparedto dielectricconstantvariationsoccurringbetweendry and moist soils
(Figure8). Pointsarefrom fields with incidenceanglesbetween25 to 57°. In L-band
therestrictednumberof casespreventsanyconclusions.

The complementary use of the ERASME scatterometer and SIR-C/X-SAR allows study
in copolarization of the variation of radar cross sections with incidence angle. Over the
10 test fields, the surface roughness parameters are deduced from pin profiler data,
parallel and perpendicular to rows and using the Shin and Kong's 1984 quasi periodic
description of agricultural soils. Small spatial scale (clods) and large (rows) parameters
are summed in Table 2 and localized in ks/kl space (k the wave number, s the r.m.s, h
eights, 1 the length of correlation at small scale) on Figure 9. In L-band, all test fields are
within IEM validity range. In C-band, only smooth ones (peas) are within. Most other
ploughed fields are out of range. Field W3 is taken for eroded smooth soil, W2 for
smooth ones, and C9 for ploughed ones, remaining within IEM limits.

Results of the comparison between IEM simulations and ERASME, SIR-C/X-SAR data are
shown on Figures 10 and 11:

There is in L-band a good agreement for smooth fields and a 5-dB gap underestimation
by the model for the rough one.

The agreement in C-band remains good for smooth fields between 25 to 40 ° . For larger
incidence angles (40 ° to 57°), there is a systematic overestimation of the model. It is

more pronounced in X-band where cross sections keep decreasing with incidence
angle, even on the rougher C9 surface (-15 dB from 250 to 57°), as the model gives a
flat response.

To explain these differences, they must be analyzed in two directions, the physical hypothesis
of backscattering model, and also the adequacy of the surface used in them. For smooth ones,

the surface remains a randomly quasi-sinusoidal surface, with a short range of spatial
frequencies to describe it. For very rough soils, surfaces become discontinuous and other
scattering models have to be considered, and soil-description parameters to be defined.

FUTURE PLANS

Unsupervised poladmetric SAR image classification

The following activities are proposed.

A study of the complementarity of polarimetric components and comparison of
classification results using different combinations of polarimetric information has begun.
The aim is to provide a quantitative measurement of the increase of information provided
by each polarimetric component (HH,HV,VV, amplitude and phase), versus land cover
type.

We aim at studying the influence of speckle filtering on classification results, and to

derive a new speckle filter using unsupervised classification results, in an iterative way.
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SurfaceScatteringProcess

Thefollowing activitiesareproposed.

Over rough surfaces,a PHD has begun in 1995 to define a new descriptionof
discontinuoussurfacesandmodelingin intensityin co- andcross-polarizations.This work
gathersat CETP the remote sensingteam of Dr. D. Vidal-Madjar and the team of Pr
Lavergnaton TheoreticalElectromagnetism.Various ground surfacesarestudiedand
analyzed by geometrical image algorithms in collaboration with Dr. P. Boissard of
NRA/Grignon (InstitutNationaldeRechercheAgronomique)andwith Dr. M. Chapronof
ENSEA(EcoleNationaleSuperieurederElectroniqueetdesesApplications).

- The quantificationof azimuthaldependenceof crosssectionswith rows.Two approaches
are foreseen. The first one by analysisof surfacedescription with a larger frequency
spectrum.The secondoneby analysisof differentdatabases,obtainedover "PaysdeCaux"
in 1995with a large multiplicity of radarconfigurationsandcompletedby the SIR-C/X-
SAROrgevalcampaign.A polarimetriccampaignoverbaresoilsis forecastedin 1997with
thetwo scatterometersof CETPin thementionedframe(EU proposalRESEDAin thesouth
of France).
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TABLE I: Classificationof theOrgevalfieldsby soilcoverandroughnesses

ULASS

WHEAT

ERODED SMOOTH

BARE SOILS

SMOOTH BARE

SOILS

PLOUGHED

FIELDS

FIELDS

2,3,71,78

4,5,62

67,83,85,68

10,12

40

23,18,31,42

35

11,46

16,47,53

DIRECTION

TOWARDS

ROWS FOR

SIR-C/X-SAR

Perpendicular
Parallel

Between

Perpendicular
Parallel

Between

Perpendicular
Parallel

Between

Perpendicular
Parallel

TABLE 2: Roughness parameters

Field s

C1 2.66

W2 0.70

W 3 0.55

W 4 0.92

L6 3.77

C7 2.49

P8 1.31

C9 0.97

P10 0.62

1 S L P

6.1 0 0

5.97

12.68

2.51

7.35

8.1

3.52

8.07

5.66

0

0.97

0.73

0.83

0.94

1.73

1.44

1.63

0.3

34.69 99.58

143.38 197.31

42.37 104.56

128.87 94.35

147 45.2

93.67 43.0

115.26 40.22

172.08 120.68

ks kl ks kl ks kl

(L) (L) (C) (C) (X) (X)
0.70 1.6 2.95 6.77 5.28 12.1

0.18 1.57 0.78 6.63 1.40 11.9

0.14 3.33 0.61 14.08 1.09 25.2

0.24 0.66 1.02 2.79 1.82 4.8

0.99 1.93 4.19 8.16 7.5 14.6

0.65 2.12 2.76 8.99 4.94 16.9

0.34 0.92 1.45 3.9 2.59 6.9

0.25 2.12 1.07 8.96 1.91 16.2

0.16 1.48 0.68 6.28 1.21 11.2

W:Wheat, C: Corn, P: Peas, L: Ploughed field
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SIR-C Measurements of Soil Moisture, Vegetation and Surface Roughness, and Their
Hydrological Application

OBJECTIVES

Analysis of SIR-C/X-SAR response to soil moisture, vegetation and surface roughness and
development of an algorithm to retrieve these parameters.

Combination of the visible and near-infrared data and the SIR-C/X-SAR data to improve the range
and accuracy of vegetation classification.

Testing of theoretical models for microwave propagation with SIR-C/X-SAR and microwave
radiometric measurements over rough surfaces.

Evaluation of a water balance model using SIR-C/X-SAR derived soil moisture values and other
ancillarydata.

PROGRESS

Data Acquisition and Analysis

Our test site is at the Little Washita watershed near Chickasha, Oklahoma, about 60 km southwest
of Oklahoma City, Oklahoma. During the first mission, a total of eleven passes over the test site
were made between April 11-17, 1994. In the second mission, only nine passes over the test site
were made between October 2-7, 1994, because the SIR-C operation was switched to the
interferometry mode in the last three days of the mission. All the data acquired from the first
mission have been processed by JPL, and delivered to us for analysis. There are a total of 11

passes, 5 ascending and 6 descending passes. One of the passes was acquired in the wrong mode,
and four others belong to passes with high incidence angles of 50 degrees, which are not optimal
for soil moisture estimation. Data from the remaining six passes with incidence angles between
28-50 degrees have been used for studying the temporal variations of soil moisture in the
watershed. We have also begun to receive the processed data from the second mission in October
1994. The X-SAR data from the first mission were also requested and we have received most of
them. These data will help classify vegetation cover and improve soil moisture estimation fromSIR-C L-band data.

During both missions, ground truth data of soil moisture and surface roughness were collected for

a number of selected fields in the watershed. All the soil samples have been processed and ready
for SIR-C/X-SAR data analysis. Survey of the vegetation cover was also made on about 70% of

the entire test site - this information could be combined with the SPOT image to validate
classification of vegetation from SIR-C/X-SAR data. In addition, there were 43 rain gauges
distributed quite uniformly over the entire watershed roughly about 20 km by 40 km in area, which
might be useful for comparing with the soil moisture distribution estimated from the SIR-C data.
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We emphasizeanalysisof thedataacquiredfrom thefirst mission,becausetherewasamoderate
rainfall of about2 cmover theentirewatershedatthebeginningof themissiononApril 10-11and
no rain throughouttherest of themission. The scenarioprovidesachanceto look at theSIR-C
responseto the drying-downat thewatershed.During thesecondmissiontherewasnosignificant
rainfall in the testarea,andmostof theregionwasdry to beginwith; sowedonot expectto see
thechangein theSIR-Csignaturesdueto soil moisture.

RetrievalAlgorithms

Most of previousstudies on radar measurements of soil moisture dealt with the forward problem,
i.e., the examination of correlation between radar backscattter and soil moisture. Only in recent

years were there attempts to invert the measured radar parameters to soil moisture. Currently, there
are three different algorithms reported in the literature for inversion of L-band SAR measurements
to surface soil moisture, all of them dealing with bare soils with surface roughness and soil

moisture as retrieved parameters. The first of them is developed by the University of Michigan
group (Oh et al., 1992) based on the ground-based scatterometer measurements over bare fields
with different surface roughness. The algorithm makes use of the ratios of measured

backscattering coefficients _° vv, _° hh, and c ° hv at L-band to estimate both soil moisture and

surface roughness. The second algorithm is also empirical and developed by Pascale et al. (1995).
It is based on the same scatterometer data set acquired by Oh et at. (1992) and uses only the

measured or* vv, and ¢r° hh at L-band for the estimation of soil moisture and surface roughness.

The third algorithm, developed by Shi et al. (1995), is based on a theoretical model for radar
backscattering from bare soils. It can select any pair of quad-polarization measurements from
AIRSAR or SIR-C measurements at L-band and make estimation of soil moisture and surface

roughness. All three algorithms have been tested with the SIR-C data and the results are
summarized in the next section.

SIGNIFICANT RESULTS

When the algorithm of Oh et al. was applied to the SIR-C L-band data for estimation of soil
moisture and surface roughness, difficulty arose because of the incomparability between the

measured ratios _0 hh/o ° vv and o ° hv/o ° vv. This is due to the fact that the SIR-C measured

soohv values are generally about 3-4 db higher than those measured by the University of Michigan
ground-based scatterometer system. As a consequence, only a few percent of SIR-C pixels fall in
the category that the algorithm could provide a normal solution. This difficulty is not shared by the
other two algorithms. These results have been reported recently (Wang et al., 1995). In general,
the soil moisture distribution estimated from either Dubois et al.'s (1994) or Shi et al.'s algorithm

over the period of April 11-17 shows a drying down sequence as expected. A comparison
between the estimated soil moisture values and those concurrently measured on the ground,

however, shows that the algorithm of Shi et al. gives very good estimation of soil moisture only
for bare soils, while the algorithm of Dubois et al. appears to be applicable to fields with short
vegetation cover as well. The main reason for this difference is most likely due to the fact that the

algorithm of Dubois et al. deals strictly with o*'s, while the algorithm of Shi et al. makes use of the
phase information too; the contribution from vegetation may have overshadowed that from soil
moisture.

When applying both algorithms of Dubois et al. and Shi et al. to the SIR-C L-band data for soil
moisture estimation, it was found that a substantial number of pixels could not have a normal
solution, and this number appeared to be higher on drier days. These pixels are typically

characterized by o vv< c ° hh. To avoid this from happening some averaging procedure would
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haveto beappliedto thedataandthespatialresolutionof theSIR-Cmeasurementswouldsufferas
a result. We are in theprocessof writing up anarticle for journal publication. The article will
presentthefirst SIR-Cresultsof soil moistureestimationover theLittle WashitaWatershedand
discusstheproblemsassociatedwith theretrievalalgorithms.

FUTUREPLANS

We will attemptto performaclassificationof vegetationcover,usingtheSIR-C/X-SARdata,for
theLittle WashitaWatershed.Thisstepis neededfor soil moisturework, becausemore than80%
of thewatershedis coveredwith vegetation.In addition,theproblemencounteredin theestimation
of soil moisturediscussedabovecould alsobe associatedwith thepresenceof vegetation. For
fieldscoveredwith vegetationor woodedareas,g° vv valuescouldbecloseto or evensmallerthan
thoseof _° hh.

We will modify thecurrentlyavailablealgorithmsfor estimationof soil moistureovervegetated
areas. Most likely, this will bedoneempirically becausethe theoreticalmodels for different
vegetationtypesaretoocomplicatedandmaynotbepracticalfor ourmainobjective. Wehopeto
comeupwith asoil moisturemapto covermorethan80%of thewatershed.

PUBLICATIONS

Shi, J. C., J. Wang, A. Hsu, P. O'Neill, and E. T. Engman, "Estimation of soil moisture and
surface roughness parameters using L-band SAR measurements," IGARSS '95, Vol. I, 507-509,1995.

Wang, J., P. O'Neill, E. Engman, R. Pardipuram, J. Shi, and A. Hsu, "Estimating surface soil
moisture from SIR-C measurements over the Little Washita Watershed," 1GARSS '95, Vol. III,
1982-1984, 1995.
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Information Extraction from Shuttle Radar Images for Forest and Agricultural

Applications

OBJECTIVES

The experiment will attempt to extract suitable polarimetric information for objectives of
forest mapping and vegetation monitoring as well as for agricultural purposes.

In forest areas in Bavaria (e.g., near the Oberpfaffenhofen supersite and in the Bavarian
Forest) and in the Harz Mountains, shuttle data are to be evaluated for different forest
formations, age classes and other forest parameters and for the forest situation, e.g.,

concerning storm damages.

In the rainforest study areas in Brazil, especially in the states of Acre and Rondonia, SIR-
C and X-SAR data are to be analyzed for differentiation of land cover classes like
primary rainforest, initial and intermediate regrowth, clean pastures and overgrown
pastures. By comparison of April and October data, information is to be gained on the
dynamics of deforestation by clearing and burning and on other land use changes.

In the supersite Oberpfaffenhofen, the potential for crop classification is to be
investigated, in comparison to other test sites like Montespertoli and Matera. The effect
on polarimetric backscatter responses is to be studied in relation to biomass and

biophysical parameters of vegetation, especially for agricultural purposes. The
assessment of soil moisture conditions is another aspect under study in the

Oberpfaffenhofen/Weilheim area and in a test site in Gujarat/India.

PROGRESS

Forest investigations in the test site Oberpfaffenhofen

Four data takes of April and October 94 have been investigated for the multipolarimetric
and multifrequency information content of different land use classes, especially
for forest areas and storm damage areas near the lake "Ammersee" and a region NE of
Oberpfaffenhofen. Signature analysis of different polarization states has been performed
in preparation of land use classification. In the region West of Ammersee a land cover
classification has been performed using combined SIR-C/X-SAR data.
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The X-SAR data takeshave beenstudiedfor time variationeffects, e.g., for different
moistureconditionsduring thefirst andthesecondmission.Also interferometricdatasets
havebeenstudiedfrom theOctobermission.

Forestinvestigationsin thetestsitesof HarzMountains and Bavarian Forest

First investigations have been performed on the SIR-C/X-SAR data in the mountainous

terrain of the Harz Mountains and the Bavarian Forest. Both forest areas are partly
severely affected by forest damages, e.g., by storm damages and bark beetle calamities. In

order to be able to combine the data with geocoded reference data, e.g., in a GIS
environment, geocoded terrain corrected SIR-C data are necessary (besides available
GTC products of the X-SAR component) in these areas of high relief. Terrain corrected
multiband/multiseasonal data are planned to be available in May/June 1996, within an
initiative of DLR and DARA.

Investigations for rainforest monitoring in Acre and Rondonia, Brazil

In the area of Sena Madureira and Rio Branco in the state of Acre, Brazil, two SIR-C/X-
SAR data takes of April 1994 and one of October have been studied for rainforest
monitoring tasks, in cooperation with the National Brasilian Space Research Institute.
Objectives are the differentiation within the rainforest and within the deforested areas
(different states of pasture land and regeneration areas). By comparing X-SAR datasets of
the April and the October mission, the dynamics in deforestation have been shown in an

area NW of Rio Branco. Based on the field work in June/July 1994, analysis of
backscatter responses in L-, C- and X-Band have been performed for forest, pasture and
regrowth areas. In a region of 40 km by 40 km NW of Rio Branco, a landcover
classification has been performed using the textural classifier EBIS, mainly based on
different polarizations of L-Band data.

In the state of Rondonia, a region near the town Ji Parana has been investigated by
several SIR-C / X-SAR datasets of April and October 1994. These datasets have been
registered within the Amazon calibration experiment and as part of the "Pantanal" data

take. In November 1995, a first ground campaign has been performed in cooperation with
INPE and other Brasilian institutions. Different states of land use are under study,
showing different land use intensities as well as different degradation and regenerationstates.

Investigation of agricultural areas in the study sites of Oberpfaffenhofen, Montespertoliand Matera

In the Oberpfaffenhofen supersite, investigations for early crop identification have been

performed by sets of April data, based on ground truth assessment during the overflights.
Methodological studies show the different information content of different polarization/
band combinations. On a field-based approach (field limits coming from other sources),
crop classifications have been performed by methods of polarimetric contrast and
maximum likelihood classification.

The potential for the assessment of different growth states of winter wheat is under study
by comparing the backscatter responses of winter wheat in the different climatic regions
of Oberpfaffenhofen, Montespertoli and Matera.
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In thetest siteWeilheim, Southwestof Oberpfaffenhofen,parallel registeredairborneE-
SAR dataareinvestigatedin comparisonto SIR-C/X-SARdata.In this area,thestudyof
soil moistureconditionsis themainobjective.

Investigationof soil moistureandvegetationcoverin GujaratJIndia

By the Indian Co-Investigator,severalSIR-C andX-SAR datasets,mainly from April
1994,areunderstudy for soil moistureand vegetationcover in a regionof Gujarat in
India.

SIGNIFICANT PRESENTRESULTS

Forest investigations in the test site Oberpfaffenhofen

In the forest area West of the lake Ammersee, ten landcover classes including five forest

types could be classified with an overall classification accuracy of about 63 %, in an area
which has a quite inhomogeneous distribution of land cover. Storm damaged areas could
be separated by about 70% accuracy, the forest / nonforest separation accuracy is around
95 %. C-Band HV polarization seems to be important for structure identification between
deciduous and coniferous forest. L-Band HV has a high correlation to natural forest age
classes and biomass. Interesting is the result of using a three-date multitemporal complex
X-SAR data set of the October mission. By an interferometric processing, the
interferometric coherence of a one-day repeat cycle can be successfully be used to
improve the classification of five main land cover classes, in addition to the three-date

multitemporal X-SAR data set.

Investigations for rainforest monitoring in Acre and Rondonia, Brazil

Investigations of different polarimetric states of L- and C-band showed a better forest /
non-forest separation in the L-band data, especially in the regeneration states. L-band
HH-Polarization allowed the separation of alluvial rainforest areas along rivers.
Integration of C-band and X-band data delivered a better differentiation of pasture land.
For land use classification, the EBIS texture tool was successful which allows the

integration of texture parameters for classification besides the evaluation of local
histograms.

Investigation of agricultural areas in the study sites of Oberpfaffenhofen

Astonishing positive results have been reached in the Oberpfaffenhofen test site for early
crop identification, using a five-band combination of all three frequencies. L-HV has
proven to be an important layer also for this mapping, based on field-wise classification.

FUTURE PLANS

Forest Monitoring Investigations in the Harz Mountains and in the Bavarian Forest are
planned to be performed, based on terrain-corrected, combined SIR-C/X-SAR products
from the April and October missions. Storm damages and insect calamities are a heavy

problem in those areas, e.g., the bark beetle damages in the area of the Bavarian Forest
National Park.
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RainforestandDeforestationMonitoring Investigations will be continued, the results of
the study sites of Acre (Sena Madureira) and Rondonia (Pantanal data takes) are to be
compared with results from other projects in the Manaus test site. Different approaches
are planned to get information for biomass estimates especially for forest regrowth, in
cooperation with INPE, Brazil.

Investigations for crop identification will be continued, including October data takes.

PUBLICATIONS
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During the Growing Season Using Multi-frequency and Multi-Polarisation SIR-C
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SIR-C Radar Investigations of Volcanism and Tectonism of the Northern Andes

OBJECTIVES

Increase understanding of the volcano-tectonic history of the Northern Andes of Colombia and
Ecuador by testing and extending the volcano-tectonic segmentation model proposed by Hall and
Wood (1985).

Develop radar models for detecting and mapping pyroclastic and mudflow deposits at Ruiz and
other dangerous volcanoes of the Northern Andes.

SIR-C Radar Investigations of Volcanism and Tectonism of the Northern Andes was selected for
participation in the SIR-C mission in 1988. We proposed a series of inter-related multi-disciplinary
investigations to generate new information to (a) characterize radar roughness, (b) determine the
relation of volcanism and tectonism in a poorly known volcanic arc, and (c) study hazards related
to Ruiz volcano, Colombia and other potentially active volcanoes of the Northern Andes.

Significant progress was made on each of these tasks, and the eventual arrival of actual SIR-C data
has accelerated our research efforts, with the first results now being presented at national meetings.

PROGRESS

Discoveries came within minutes of examining the first SIR-C images provided to the team.
Examination of the first browse image of DT-80.10 from SRL-1 resulted in the recog.nition of a
very young volcano that was unknown to the international volcanological commumty. Within
minutes, two older possible calderas were found in other parts of the first swath. These
discoveries resulted in NASA JPL issuing a press release image and caption of San Diego volcano
in northern Colombia, and these first results also were presented at the Geologic Society of

America meeting in Seattle in fall, 1994 (Wood et al, 1994). Now that the easy results have been
announced, the hard work of detailed analysis and interpretation is well underway.

Our team includes the PI and Co-Is listed above and the students we are working with. We are

very proud that SIR-C funding has partially supported a number of graduate students, one of
whom is now a post-doctoral fellow (Austin); two more are completing (Wessels) and starting
(Gorman) PhD theses based on SIR-C data; and two others are undertaking masters degree
projects (Borysewicz and K. Williams).

Radar Roughness Studies

Theoretical and experimental study to improve modeling of the mechanisms of radar scattering
have been completed; application to SIR-C data is just beginning. Field measurements of the
roughness spectrum at radar wavelength scales of millimeters to meters were obtained at Mt. St.
Helens using normal surveying and a specially-designed computer-controlled 2-D laser
prof'dometer (Austin and England, 1993). Specific conclusions include:

The surface profile measurements at Mt. St. Helens and the resulting spectral estimates show that
some, but not all, volcanic debris flow terrains have a power-law roughness spectrum over some
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rangeof spatialfrequencies.Low andhigh-frequencyspectralestimatesfrom theprimary debris
flow surfacesseemedto conform to a singlepower law from about0.05 to 25 or 50 m-1. It is
expectedthat theintermediate-frequencyregion(roughly0.25to 2 m-l) follows thesamepower
law, but this cannotbeverifiedwithout additionalsurfaceprofileswith a sampling interval in the
12.5-cmrange.Theflow surfacesthatdid notexhibita power-lawspectrumappearedto bepartof
afluvial plain; i.e.theywerenotvolcanic.

The one-andtwo-dimensionalpower-lawfits to thespectralestimatesderivedfrom thevolcanic
debrisflow profilesyield spectralslopesbetween-2.31and-2.51,correspondingto surfacefractal
dimensionsof 2.245and2.345. Fractaldimensionsnear2.2werecitedbyMandelbrotandothers
asproducingnaturallyrealisticprofiles. We foundthatspectrawith slopeslessthan-2.0couldnot
have beenmeasuredusing spectralestimatorslike the periodogramthat are sensitiveto low-
frequency,spectralleakage.Theleakageproblemmaybe responsiblefor thefixedvaluesof-2.0
reportedin theliterature.

Three power-law surfaces were manufactured in a plastic dielectric to have fractal dimensions of
2.100, 2.228, and 2.355. The polarized radar backscatter cross-sections were measured as a
function of incidence angle for the three surfaces. In all cases, the scattering cross-sections

decrease with incidence angle. Greatest sensitivity to spectral slope occurred for like-polarized
cross-sections between 40 and 50 degrees and for cross-polarized cross-sections between 45 and
50 degrees.

None of the current theoretical models did a great job of explaining the backscatter observations.

We explored a new theory, the Phased Wiener-Hermite model, but it was no better than average
among the models. The best of the current theories was the Small Perturbation (SP) model. The
shape of the responses were correct though absolute amplitudes were often offset by as much as5 dB.

A major purpose of developing the new theoretical and field understanding of radar roughness is to
apply it to SIR-C data of volcanic regions in the Andes. During the summer of 1995 we began to
develop a roughness classification scheme for full-resolution, SIR-C radar images of the
Colombian Ruiz volcano. Our candidate algorithms were based upon combinations of SP theory
and our experimenud observations. The early versions appear to have worked in some areas, but
not others. We are now investigating those cases where they failed.

We expect the final classifier to be an empirical algorithm guided by SP theory and our

experiments. Dr. Richard Austin, who is now a post-doctoral scientist in Australia, is guiding the
development of the algorithm through e-mail. A senior-level engineering student spends a few
hours per week testing algorithms on the SIR-C data. We expect to have a best estimate of a

classifier by early 1996 and to have produced a report by May 1996. The classified image will then
be provided to the volcanologist members of the team for geologic interpretation.

Volcanic Geology and Tectonics Study: Stan Williams, Rick Wessels and Caitlin Gorman

The Arizona component of our SIR-C team is focusing on studies of the tectonic controls of
volcanism and the detailed mapping of hazardous volcanoes. Their main geographic area of interest
is Colombia. Their initial interpretation of regional tectonics of Northern Andes using SRL-1 SIR-
C survey data began in July of 1994, and since March 1995 new work has started on the full
resolution data sets of specific areas.

A major accomplishment by Wessels has been the assembly of a get-referenced on-line mosaic of

twenty survey images over the active volcanic arc (covering 900 x 130 km). This giant mosaic
provides the absolutely best data set for regional volcano-tectonic investigations of the Northern
Andes. We are investigating how such a mammoth photo image might be published. This is a case
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wherelooking ata compressedversionor a series of individual sections on a computer monitor is

vastly inferior to having the entire nearly 3 meter long hard copy roiled out on a table!

Wessels has also compiled a mosaic of three high-resolution subscenes from two data takes

(computer processed, get-referenced and mosaicked) for structure/geomorphology interpretation.
More scenes will be added to expand the mosaic and the analysis. Both the large survey mosaic
and the high resolution one are base layers for geographic information system (GIS) studies to aid
regional interpretations. Additional layers include structural field data, seismicity, published faults,
geochemistry, geochronology and eruptive activity. Experiments are starting to merge SIR-C data
with Landsat TM, scanned shuttle photographs and AIRSAR/TOPSAR data for detailed analyses.
Early results from this work will be presented at the fall 1995 American Geophysical Union
meeting by Wessels. The SIR-C images are being used for geologic field research by Caitlin
Gorman and Wessels.

Wessels will use subscenes of MLC products to document variations in active volcano morphology
related to regional fault geometry. The data will be used to precisely measure orientations, areas,
and vent locations. MLC data will also be used to better define previously unrecognized or poorly
known volcanoes related to the faults. Wessels will also combine the regional information with

individual volcano DEM data from the 1993 AIRSAR/TOPSAR flights. The SIR-C and X-SAR
data received so far is very good. X-SAR scenes will be requested of Galeras and Cumbal
volcanoes to combine with our 96.10 SIR-C data. Full resolution SIR-C/X-SAR data will also be

requested for areas south of the Ruiz-Tolima scene to carefully examine poorly known volcanoes
along the Palistina Fault.

Wessels and collaborators plan several possible papers which wiU comprise part of his dissertation:

The interaction of transcurrent tectonics and continental arc volcanism in Colombia and Ecuador.

Overview for submission to Geology Summer 1996. Modeling the role of active faults in volcanic

activity of southern Colombia. JGR Sum-Fall 1996 (possibly with Dr. Ramon Arrowsmith).
Volcano-tectonic interactions from Ruiz to Galeras using high resolution SIR-C data (with Dario

Mosqera). SIR-C and TOPSAR analysis of the geology and volcanic hazards of Volcan Cumbal
(with Caitlin Gorman).

Volcanic Geology and Tectonics Study: Chuck Wood, Pete Hall, Henry Borysewicz and Kymbra
Williams

To gain experience in working with radar we acq.uired a Russian Almaz radar image of part of the
Northern Andes. The image was disappointing in resolution and signal to noise. We also were
fortunate in acquiring significant AIRSAR images of Colombian volcanoes during a NASA flight
to South America. Those images are being analyzed in association with SIR-C data.

In preparation for analyzing SIR-C data, Hall continued field studies of Ecuadorian volcanoes,
providing a grounded framework for interpreting the future satellite images. This work has
culminated in major studies of the Plio-Quaternary volcanism in Ecuador (Hall and Beate, 1991)
and the tephrochronology of Holocene volcanoes in Ecuador (Hall and Mothes, 1994a). Hall has
also coordinated the monitoring and evaluation of hazardous volcanoes in Ecuador (e.g. Hall and
Mothes, 1994b) and established programs to mitigate future eruptions. SIR-C images are now
being integrated into these types of studies, and will be a major source of data for future
investigations of volcanism, tectonics and hazards by Hall and his colleagues. For example, an
ongoing project to map the geology and potential hazards of Cayambe volcano will now
incorporate information from high resolution SIR-C images.

In 1993 Wood and Hall participated in a symposium on Galeras volcano which was organized by
Williams. Galeras is a good example of a volcano which is a great potential hazard, for the city of
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Pasto(population600,000)sitsdirectlyon thevolcano'sflanks.At themeeting,Woodpresenteda
paperon the useof remotesensingto monitor activevolcanoes,and Hall is now planningon
adding SIR-Cimagesto thearsenalof datausedto evaluatethreatsfrom Ecuador'svolcanoes.

One of theoriginal reasonsfor proposingto participatein SIR-C was the frustration that we
experiencedwhen trying to assembleLandsatimagesof the NorthernAndes for our original
synthesisof volcanismandtectonics(Hall andWood,1985).Becauseof the tropical,equatorial
setting,frequentcloudsmadeit impossibleto acquireusefulLandsatimagesovermorethanabout
30-40%of the areaof interest.SIR-Chasspectacularlypenetratedthecloud barrier,allowing a
compilation of a new regionalsynthesisof the tectoniccontrolson volcanismin Ecuadorand
Colombia. Thus our first task, during Woods' recent three-week visit to Ecuador, was to closely
examine the SIR-C/X-SAR images and Wessels mosaic, searching for additional unknown and
little known volcanoes and tectonic features. The directions of this new research - which will
continue for the next two years and will lead ultimately to a major revision of Hall and Wood
(1985) - include:

1. Recognition of new volcanic structures in the northern Andes (many possible volcanoes located
in southern Colombia),

.

3.

Improved interpretation of the major fault distribution in Ecuador,

Reconsideration of the major change in volcanism at the Galeras segmentation boundary, from
the multi-row, varied chemistry of the southern volcanoes to the single line of Colombian
volcanoes to the north.

FUTURE PLANS

The acquisition of SIR-C data for nearly the entire 2000-km-long Northern Andes volcanic arc

provides an unique opportunity to examine how volcano distributions, sizes, and types change
through time. Wood, Hall and their students intend to catalog and characterize each major volcano
in the arc, based on its morphology as displayed in the radar images and available ancillary
information. In particular, we wish to investigate changes in the dip of the subducted Nazca slab

(estimated from potassium values (K60) in volcanic rocks) with time. We will infer ages of
volcanoes from their morphology as seen on SIR-C images, calibrated by known radiometric

dates. The inferred resulting history of volcanic evolution will then be tied to changes in platemovements in the central Pacific.

In order to clearly understand what SIR-C/X-SAR images show, Borysewicz has initiated a M.S.
thesis comparing variations in radar brightness with known volcanic units for a few Andean

volcanoes that have been adequately mapped on the ground. Chimborazo, Galeras and Cotopaxi
volcanoes serve as ground truth and Borysewicz will examine the effects of different polarizations,
bands and look angles in identifying volcanic lava flows, tephra deposits and debris avalanche
deposits.

One significant but intangible result of studying SIR-C images is that the new perspectives raise

numerous questions which initiate new directions for investigation. One major such refocusing is
due to the remarkable appearance of a suspected caldera beyond the southern extension of known

Quaternary volcanism in Ecuador. The 5-km-wide Quimsacocha caldera is surrounded by a
~25-km- wide dark patch on the SIR-C images, and the caldera rim is remarkably sharp. These
features suggest that the caldera and its associated andesitic ejecta may be much younger than the
proposed age of 11-15 million years. If so, the Northern Andes volcanic arc extends further south

than anyone knew, and there is a real problem explaining why, tectonically. We are planning field
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work to collect samplesfor radiometricdating,andalsoarere-examiningearthquakedatato better
understandsubductionin thisregion.

SIR-Cimagesprovidethefirst consistentview of volcanoesthroughouttheentireNorthernAndes
islandarc.In order to make this valuable resource available to a wider scientific and educational

community Wood, Hall and K. Williams are preparing a digital atlas of the best available SIR-C,
Landsat, SPOT and ground images of each volcano in Ecuador and Colombia. This annotated
collection will also include existing geological and chemical information as weU as the images. This
SIR-C based database will completely replace the 30-year-old Catalog of Active Volcanoes of the
World volume on Ecuador and Colombia. Currently this compilation is part of Wood's NASA-

funded Internet homepage, VolcanoWorld. The URL to go direcdy to the Northern Andes is

http'.//volcano.und.nodak.edu/cgi-bin/imagemap/volc_ image?385,114

VolcanoWorld also includes other SIR-C images to illustrate volcanoes around the world; a goal is

that VW will ultimately include all SIR-C volcano images.
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Radar Interferometric and Penetration Investigations using SIR-C Data

OBJECTIVES

To model, experimentally characterize, and verify penetration phenomena in hyperarid and
vegetated regions using the SIR-C/X-SAR multiparameter radar system and groundbased
receivers.

To invert measured radar backscatter as a function of frequency and polarization in terms of

geophysical parameters of the surface, subsurface and vegetation canopy such as surface
roughness, subsurface geomorphology, or tree height and density.

To display subsurface and within-canopy features in an image format, thus easing the

interpretability of the results.

PROGRESS

We are currently involved in two study areas associated with SIR-C. The f'u'st is the study of
penetration phenomena that relate radar backscatter data in vegetated and hyperarid regions to
geophysical factors of the surface cover. The second involves development of radar interferometry
as a technique and is important for the future of NASA's radar program, which is likely to contain
a significant radar interferometry component.

Interferometric data are requested in raw signal sample format, which we process to interferograms
and subsequent topographic and deformation products. We developed a SIR-C interferometric
data processor which we run on workstation computers-- the software includes the SAR
processing algorithms, interferogram generation software, baseline estimation algorithms, and
product generation code.

The data for the penetration experiment are also obtained from the raw signal samples. They are
extracted using Fourier spectrum techniques and times series of amplitude and phase fluctuations
are produced. These times series are then cross correlated to infer the impulse response of sub-
canopy radar reflectors as well as the attenuation of the canopy. These results must be related to
parameters of the canopy to derive the ability of the system to "see" under the trees. This will be of
significant note in future topographic and other interferometric systems aimed at obtaining under-

canopy heights.

Significant Results and Publications

During the past year and one half, the most significant results have been those related to radar
interferometry. We have quantified the performance of repeat pass spaceborne interferometric
topographic maps, and verified the results by comparison with existing maps. We have also
developed the three-pass surface deformation technique, verified it against GPS and field survey
approaches, and compared results of two-pass and three-pass analyses of earthquakes.
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We havealso usedSIR-Ccorrelationmeasurementsto track active lava flows at Kilauea,and
obtainedthemostpreciseestimatesof flow volumeandmassratesto date.

For this work we developeda theory for the effects of atmosphericvariability on repeat-pass
interferometricobservations.Thesearelikely thelimiting factorsin anypracticaldeformationor
repeat-passtopographicsystem.

FUTURE PLANS

Theapproachto completingthesciencestudiesasidentifiedin theoriginalproposal,aswell asthe
interferometricexperimentsthat wereaddedto the project scienceplan, is a two-fold strategy.
Both setsof activities arein the dataanalysisphase,that is, the missionand field deployment
componentof thestudiesis essentiallycompletewith theendof theplannedflights of theSIR-C
hardware. The remainingwork concernsdataprocessing,interferometricanalysis,penetration
analysis,verificationwith field measurements,andpublicationandreporting.

Penetrationstudy. Duringthefirst andsecondSIR-Cflights,specialpurposeportabletransmitters
and receiverswere deployedat SIR-Csupersites. For flight 1, the site was locatedat Raco,
Michigan, andconsistedof temperateforesttrees. For flight 2, thesite waslocatedat Kilauea,
Hawaii, and consistedof a rain forest region. During shuttle overflights, ground receivers
recordedtheabsolutelevelof radarsignalsastheywerepropagatedthroughandattenuatedby the
vegetationcanopy. In addition,coherenttonegeneratorstransmittednarrowbandsignalsbackup
to the shuttle. Thesesignalsareto beextractedfrom radarreceivedecho waveforms. In each
instanceequipmentwassimultaneouslyplacedunder the canopyandalso in an openareato
provideareferencesignal.

For eachoverpass,thereceivermeasurementswill becomparedbetweenequipmentin theopen
andin thecanopy. Theresultingfluctuatingpowermeasurementswill thenberelatedto modelsof
scatterby the vegetation.Thetransmittermeasurementswill beextractedfrom theradarechoes
and separatedby frequencytransformtechniques. A cross-correlation of the open and canopy
transmitter signals then yields an effective impulse response of the radar to targets hidden in the
canopy independent of shuttle motion. This again will be related to scattering models of the
canopy for both the temperate and rain forest terrain types.

Interferometer investigations. SIR-C collected two types of interferometric data. These were data

with a six-month temporal baseline collected during both flight 1 and flight 2, and data with a one-,
two-, or three-day temporal baseline collected wholly during flight 2. We propose to investigate
this data set using two types of analysis: i) generation of topographic maps and ii) measurement of
surface deformation.

Since SIR-C is a multifrequency instrument, it offers the unique opportunity to compare results at
different frequencies. Phenomenological differences in the scattering behavior at 24 cm and 6 cm
wavelength will comprise a major part of this investigation.

We will process these data from the raw signal sample format, as delivered by the SIR-C ground
data processing facility. We will generate topographic maps of several of the supersite areas at
both frequencies, and compare them to conventionally derived digital elevation models to assess

their accuracy. These will then be made available to the science team to aid in other investigations.

We also will examine the potential of SIR-C to determine surface deformation. The principal data
set here will be the six-month data as the centimeter-level motion we are sensitive to will be much
more apparent over six months than three days.
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A significantpart of the latterstudy is to understandtheeffectsof the atmosphereon thereceived
signals.This will involveprocessingsomeof the 1,2, and3 daydatato look for apparentmotion
causedby atmosphericirregularities.Theseinterferingsignalswill bequantifiedandassessedfor
theirimpactin futurespace-basedradarsystems.

The benefitsfrom theseinvestigationswill accruefrom both setsof activities. The penetration
studieswill aid in designof radarsystemscapableof imaging beneathcanopies,importantfor
ecologicalstudiesaswell asfor targetdetectionsystems.Theyalsowill providenewinsightsinto
thephysicsbehindscatteringfrom densecanopies.

It hasnow beendemonstratedthatinterferometricradartechniquesbenefitawide varietyof Earth
scienceinvestigations,including productionof digital elevationmodelsof the Earth'ssurface,
centimeter-scalesurface deformation measurementsof coseismic displacementfields, and
centimeter-per-dayvelocity mapsof icesheetsandglaciers. TheSIR-Cexperimentswill giveus
thefu'stquality setof multifrequencydatathatcanbeusedto examinephenomenologicalchanges
dependent on radar wavelength. It also will permit the fu'st full examination of the artifacts induced
by atmospheric interference. This approach will enable the fastest and most thorough means to
realize the full potential of radar interferometry for geoscience applications.
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1. Introduction

Alenia Spazio has developed, on internal funds, a complete set of processing tools to produce
three-dimensional images of the observed area using two complex images coming from SAR
sensors like ERS-1 and SIR-C/X-SAR. This paper describes the whole processing of the
complex SAR data to obtain the 3-D representation of the image.

In the frame of interferometric processing some steps have been pointed out: the evaluation of
range and azimuth shifts between the two images; the filtering of the complex data in order to

improve the coherence between the images; the extraction and filtering of the interferogram; the
phase unwrapping; the phase-to-height conversion.

The whole processing has been tested and applied to images coming from SIR-C/X-SAR (and
ERS-1) on Monte Etna in Sicily, in order to evaluate the eventual differences between the two

kinds of sensors in terms of radar wavelength, baseline, and repetition time of the images.

2. Shift evaluation and images registration

The registration of the two SLC images is done using the following procedures, after the
removal of the coarse misregistration carried out by estimating the pixel shift with the cross-
correlation on the amplitude images. For the fine (sub-pixel) registration we use the technique
proposed in Lin, et al., 1991.

2 Ip(i+l'j)- p(i'jl+[v(i'j+ l)-e(i'j (1)
;j 2

The fringe fluctuation function (1) has been improved with respect to the original algorithm by
.introducing pixel by pixel a weight factor derived from the correlation matrix between the two

images. Fig. 1 shows the results obtained with the fringe fluctuation algorithm applied to X-
SAR images coming from Monte Etna in Sicily, during the SRL-2 mission.

3. Complex images filtering

The objective is to improve the correlation coefficient and so to reduce the phase and height
noise observing that one of the causes of phase noise is the relative shift of the reflectivity
spectra of the two images. This is principally due to baseline decorrelation.

3.1 Baseline decorrelation

It is well known (Rodriguez and Martin, 1991) that the spectra of the received signals represent
different ten'ain reflectivity bands. This is due to the different angle of view of each pixel on the
ground with respect to the two points of observation. Calling ql the view angle of a pixel for

the first antenna (platform pass) and q2 the view angle of a pixel for the other antenna (platform
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pass)it hasbeennotedthat the samespectralcomponentsof the signal coming from one
acquisitionis shiftedby a frequencyfw with respectto theother,being:

AO
fa = fo lan'*'- a"I,v' ) (2)

with A0=01-0 2 , f0 the radar frequency, and athe local mean terrain slope. Observing that

A0 _=n_._,the spectral shift becomes
Po

?l s

f. ---fo po ) (3)

The behavior of frequency shift versus local slope is plotted in Fig. 2 for X-SAR images.

One can observe that f_ increases with increasing terrain local slope. Let us call "blind angles"

those angles which cause an infinite shift. Moreover if the terrain slope exceeds the off-nadir

angle (layover) the absolute value of f_ decreases and it becomes negative.

As seen this spectral shift depends on baseline and local slope and it causes that part of each

image spectrum, exactly f_ width, that is not common in the two images. When, extracting the

interferogram, the spectra correlation is performed, the result is noisy because of the correlation
of these not-common parts: hence the cross-correlation presents the following three
contributions: a peak at the frequency of perfect alignment of the spectra, a sequence due to a
common band in adifferent position, and a sequence due to the cross-correlation between the
not- common bands.
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Fig. 2. Spectral shift vs local slope (X-SAR)

It is important to remember (Prati and Rocca, 1993) that this spectral shift is the cause of the
fringe generation. The interferogram, hence is described by

Aq_- 2r, R, fa (4)
C
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with Ry rangeresolution.So we do not have to remove this shift, but only to triter the not
common parts of the spectra.

To do this, because of the dependency from terrain slope, it is necessary to estimate the shift in

a sufficiently small portion of image in which a constant slope is supposed. In the following the
processing of one subimage is described.

3.2 Range Filtering

It is necessary to design two filters with the same bandwidth and different central frequency.

These will be obtained by realizing a real high-pass filter H(f) with fpass = _2ff_ and shifting the

filteronceon f, =_/lf -fpa_andonceon f2 =-(fl/2 - fea:,:,).

After having estimated the spectral shift the project of filters is performed: the high pass FIR
filter is realized with the Parks McClellan technique.

To determine the optimum falter the Golden Section algorithm has been used: it seeks the
maximum of a function to find, varying the stopband from zero to the stopband at -31 dB, the

optimum stopband that maximizes the correlation coefficient 7. It is interesting to note that if the

scene is supposed to be white and uniform, the correlation coefficient between the two images

correspond to the correlation coefficient between the transmitted signal and the f_ shifted one.

So, the maximum detection algorithm can determine the optimum stopband that maximizes the

correlation between the transmitted signal filtered with the centre on fl filter and the same signal

filtered with the centre on f2 and shifted by ff2 filter.

3.3 Azimuth Filtering

The results obtained applying the processing described before to X-SAR and ERS-1 images
lead to some observations.

The azimuth spectra of the X-SAR present two different Doppler centroids. In this case there is

a common and a not-common part of the azimuth spectra and so in X-SAR images also an
azimuth filtering is necessary.

In this case the Doppler centroids have been estimated and with the Parks McClellan method a

high pass filter has been projected with N=127, fp,,, = (CD_- CD 2 ) and fl--CDI-_+ fp_ss2 '

f2 = CD2 + _- fpass Q

4. Phase unwrapping

4.1 Bidimensional analytical approach

The phase unwrapping is based on the well known weighted least-mean square estimation of the
phase from the phase differences. It has been implemented on a general purpose computer for
testing (maps of up to 4096x4096 pixels have been processed and unwrapped), and as a basis
for a next implementation on a parallel computer.
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Anotherverypromisingtechniqueisbasedondirectintegrationof the Poisson equation coming
from the derivation (second derivative) of the complex logarithm of the interferogram. With the

second derivative operation we have reduced the problem to a well known one. Now, we have
to solve the Neumann problem with non-homogeneous boundary conditions: the first derivative
along the boundary has been previously calculated. Techniques and s/w programs to solve the
above problem are widely described in the literature. We use the Fourier method to solve the
homogeneous problem and then add the particular solution for the boundary conditions.

Two major practical points are: i) the calculation of derivatives; ii) the presence of noise (i.e.

corrupted samples). In our implementation we use the Savitzky-Golay. (S-G) smoothing filters
for both computing the derivatives and smoothing noise. The characteristic of the S-G filter is to

use cn coefficients that preserve higher moments: for each point fi, the least square fitted

polynomial to all nL+nR+l points is computed, and gi is the value of that polynomial at position

i..

The S-G filter aUows us to compute directly the filtered derivative, simply taking the nth

derivative of the fitted polynomial and dividing gi by An (A is the stepsize).

4.2 Global classification approach

Why do some algorithms find a lot of difficulties in doing what the human brain-eye system
does in a very easy way? A try to understand the interpretation mechanism of human visual
inspection of interferometric fringes leads to a new method for phase unwrapping.

The fringes, after their generation, are examined by a continuity tester which performs a
segmentation of the 2-D fringe map into homogeneous areas. These bidimensional segments are
then grouped into classes, the result of which is defined as connected sets of pixels having the
same phase ambiguity.

Finally the discrete ambiguity problem is solved against classes which are mapped into a
ambiguity matrix.

This algorithm has been implemented on a conventional HP Apollo RISC machine and results
are 10 times faster than others if applied to L-band interferometric data (SIR-C). The only
drawback is that non-contiguous regions (e.g. islands within the sea) cannot be uniquely

assigned to an ambiguity map, but this is a common problem in the phase unwrapping matter.

5. Phase to height conversion

Most of the methods suggested in the literature need the knowledge of at least three points on
the ground of which height, position in image, and absolute phase is known. In order to
demonstrate the feasibility of a global interferometric mission to produce DEM of the whole

Earth surface and especially of those areas about which the topographic data are unknown, a
method that reduces the a priori information is developed. Fig.3 shows the typical geometry,

where h(i,j) is the height of the pixel in the object, p(i,j) its slant range distance, q(i,j) the off-

nadir angle from which it is observed, H the platform height and Re the Earth radius at the
observed point. The idea is to refer the analysis to the interferometer axis: to this the off-nadir
angle is equal to the tilt angle, that is the baseline attitude with respect to cross-track direction.
Along this axis the interferometric phase should be zero: the interferogram phases are referred to
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this zero point in terms of variation with respectto different off-nadir angles. So,
interferometric absolute phase can be written as

4_

9 = -_'-" B- (sin O'- sin O=_,).

with O'= O- Otj#.

(5)

Deriving (5) with respect to off-nadir angle

A
Ova- 4zr.B.cosO' Acp. (6)

the

p(i, j)2 + (H + Re) 2 - 2p(i, j)(H + Re) .cos(va(i, j)) = (h(i, j)+ Re) 2

Ah,j = H'.p(i,,,, j,,,). sin O(i,., j,. )
h(i,.,j,,,)+Re

A

4zcB. cos(O(/,., j,. ) - va,i_,) 'A_°i'j

H'-cos O(i rn , Jm ) -P(im, Jm) APi,j.
h(im,Jm) + Re

(8)

(7)

Deriving (7) with respect to p, 0 and h with H'=H+Re and substituting (6) we obtain every

image pixel (i,j) slope behavior toward the interfemmetric phase and slant range increasing
distance (as function of off-nadir angle), where _oi. j = j .f_ (j is the range coordinate and fr is the

range sampling rate) and (im,Jm) is the only ground reference point about which we should

know both its position in the image toward the interferometer system (0(im,Jm), P(im,Jm)) and

the absolute height (h(im,Jm)). In this way it is possible to reconstruct the height in the whole

image knowing information of just one ground control point and the unwrapped phases, with
the simple implementation of a linear equation in which the constant term is given by the attitude
of the interferometric system and by the reference point height. Moreover implementing the
same procedure to the wrapped phase one can obtain the phase behavior without a flat terrain

contribution, so that it is possible to know the level contour lines on the image. Fig. 4 shows
the level contour lines referred to in Fig. 1. Fig. 5 shows the corresponding 3-D
reconstruction.

6. Multifrequency (and Multibaseline) Interferometry.

The multifrequency capability of the SIR-C/X-SAR system has been used to improve the
achievable performances of the final interfemmetric product. Two techniques have been used:

the first one to help the processing of the low correlated X-band data; the second to improve the
final sensitivity by the fusion of the L- and X-band DEM's.

The unwrapping of the X-band interferogram is difficult due to: i) the low level of correlation

affecting large areas of the examined scene; ii) the quite large baseline which results in very
narrow fringes where the slope is steeper. To help the unwrapping process the L-band
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interferogramis fn'st unwrapped, then it is scaled (accordingto the wavelengthratio),
registered,andsubtractedfrom theX-bandfringes.Theresult(deltafringes)is an interferogran
atX-bandwith a few wide fringeswhich areeasilyunwrapped;theresult is thenaddedto the
previously subtractedinterferogramgiving the final X-band product.The processingcanbe
improved by weighting the "delta fringes" with the correlationmap before unwrapping;
obviously the result is a mergingof the L-band (wherethecorrelationis low) and X-band
unwrappedphases.

The secondtechnique(only partiallytested)usesthemultiresolutionanalysis(via thewavelet
decomposition)to performthefusionbetweentheL- andX-band. TheX-band and thescaled
L-band unwrappedphasesarefirstly decomposedusingthewaveletdecomposition,thenafinal
imageis composedusingthe HF componentsof theX-band andtheLF componentsof theL-
band.

7. Conclusions

All the processinghasbeendevelopedin order to realizea massiveparalleltechniquefor a
following implementationon aparallelcomputer.Theresultsarevery interestingespeciallyas
far asthecoherenceimprovementandphaseunwrappingareconcerned.The trendis thatof a
greateruseof the interferometrictechniqueto classifyradarimagesusing low noisecoherence
imagesandto usethelow noisefringes to developadifferentialInterferometryto detectsmall
changesin theearth'ssurface.
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Fig.1. X-SAR fringes over Monte Etna,
Sicily, obtained with fringe fluctuation
algorithm

Figure 4 Mt. Etna Flat Terrain subtracted

interferogram (SIR-C L band)

Fig.3. Phase to Height projection geometry

Figure 5 Mt. Ema DEM
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1. Introduction

Remote sensing in agriculture has a number of inherent advantages with respect to conventional
data gathering methods since it can:

• Image a large area in a very short time. Thus the data possess a high degree of actuality
and have a high economic value.

• Provide area-wise information as compared to'the traditional point-wise sampling
techniques. The ability to produce crop maps as well as statistics is considered
particularly important for crop studies at regional and local levels.

• Advance the distribution and timeliness of the thematic information that is essential for

the planning, policy making and management of agriculture.
• Act as a stratifier in that it can help stratify large regions according to land-use or

agroclimatological conditions.

While active radar systems have demonstrated considerable potential in collecting information
over agricultural lands, the full-potential of SAR systems has not yet been realized due to the low
dimensionality of the data recorded by existing earth-orbiting SAR systems such as ERS-1 and
JERS-1. These operate at a single frequency and polarization, which limits their sensitivity to
crop geometry and hence crop type, and condition.

The two SIR-C/S-SAR shuttle missions provided the first opportunity to collect multi-frequency
multi-polarization images over a number of sites worldwide. While the missions took place at
non-optimal times during the growing season (i.e. early and late) for agricultural applications in
Europe, a number of images were taken over agricultural areas characterized by distinct climatic
conditions and soil types, different crop types or similar crops but at different development
stages and subject to varying crop management practices. The research at the Institut fiJr
Pflanzenbau has focused so far on using this wealth of data in terms of the two basic aspects of

agricultural remote sensing; the recognition of crop types over a large area on the basis of self-
similar but distinct backscatter characteristics for each crop of agricultural land-cover type and,
the mapping of the biophysical status of certain crop types. Ground truth data was collected in
three very different test sites (Oberpfaffenhofen in southern Germany, Oltrepo Pavese in
northern Italy, and Matera in southern Italy) during the first mission and in two sites
(Oberpfaffenhofen again and Flevoland, Holland) during the second mission. The general aim
was therefore to judge the sensitivity of the multi-dimensional SIR-C/X-SAR radar data to the
biophysical condition of crops and their utility for large scale agricultural inventories.

2. Work in Crop Classification

So far classification work has focused mainly on data acquired during the April 1994 mission
over the Oberpfaffenhofen test site, partially because better crop maps could be compiled for this
test site and partially because, until recently, data were lacking for the other test sites. Two
supervised classification methodologies have been tested on a single full-polarimetric scene for
the area; the maximum likelihood method using the amplitude at the standard linear polarizations
(X-VV, C-HH, -HV, -VV and L-HH, -HV, VV) and the maximum contrast method which uses
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the complex covariance matricesat C- and L-band. Also the information content of each
frequency/polarizationfeaturewasevaluatedby comparingtheobservedclassificationaccuracy
as a function of featuresusedin theclassificationprocess. The following list summarizesthemain resultssofar.

Classification accuraciesachieved for agricultural plots only (i.e. general land cover
categoriessuchasurbanareas,forestedareas,waterandroadsystemswerenot considered)
were quite high. The main agricultural land cover typesat this time were ploughedand
seedbedbaresoil fields, winter barley, winter wheat,oilseedrape,meadowsand set-aside
(fallow). While there wassomeconfusionbetweenbarley and wheat fields due to their
almost identical appearanceat this time, averageclassification accuracies, using the
maximumlikelihood classifier for the abovecategories,reached80 to 90% in a numberof
cases-- dependingon thefrequency/polarizationfeaturesusedandthe minimum field size
considered.

By comparingtheclassificationaccuraciesasa function of frequency/polarizationfeatures
used it was possible to derive a figure of merit for each feature and thus assesswhich
instrumentconfiguration wasmost sensitiveto agricultural features. In generalcross-pol
polarizationscontainedmore information than like-pol featuresand L-band,with a higher
betweencategorydynamicrange,wasmoreusefulthanC-band. AddingX-VV information
to anL-bandonly and C-bandonly classificationalsoimprovedclassificationaccuraciesby
10.9and 19.2%respectively.

Themaximum likelihood classificationmethodology,using amplitudeonly images,proved
to be more robust than the maximum polarimetric contrast method, which usesboth
amplitudeimagesandinformationprovidedby thecomplexcorrelationcoefficient between
HH and VV polarizations. A plot of the complex correlationcoefficient showedthat the
lattercontainslittle informationonagriculturallandcover type,exceptperhapsto distinguish
seedbedfrom the othercategories.This canbeexplainedby the fact thatcropsat this time
havelittle structure-- they areall moreor lessat a grasslikestage-- andlack a distinct
geometry. It is expectedthatthe HH-VV complexcorrelationcoefficient will play a more
significantrole whendatatakenduring thesecondshuttleflight is analyzedsincecropswith
significantstructuresuchascorn,sugarbeetandpotatoeswerefully developedatthat time.

The benefits of the addeddimensionality of SIR-C/X-SAR data were demonstratedby
comparingtheaverageclassificationaccuraciesasa function of thenumberof polarimetric
featuresusedfor theclassification.N.B. thattheseclassificationresults(from a singleimage
early during the growing season)comparefavorably with multi-temporal ERS-1 results,
usingimagestakenthroughoutthegrowing season.

Numberof Pol./Freq.
Features
2
3

4
5
6
7

Maximum LikelihoodAvg.
Class,Accurac_¢(%)
64,3
78,2
85,4
88,4
89,3
89,3

3. MappingCrop Status

Much of the recentresearchhasfocusedon quantifying the sensitivity of variouspolarimetric
featuresto thebiophysicalstatusof certaincrop types. A largedatabasewascollectedduring the
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first and secondmissionscontainingthe biophysicalplant parameters--biomass,height, water
content, leaf area index, etc.--and soil parameters--densityand humidity--for a selected
numberof fields in eachtestarea. The suitability of multi-parameterradarinstrumentssuchas
SIR C/X-SAR was then judged by comparing ground measurementswith the backscatter
signaturesfor eachfield. Initial resultsare:

• No clear correlation betweensingle channelbackscatterfeatures(single frequency,single
polarization)andcropbiophysicalparameterswasobserved.

• The useof ratios, especially the L-HH/L-VV ratio, appearto bemorepromising. The L-
HH/L-VV index appearsto be sensitiveto thepresenceof vegetationscatteringwith respect
to soil scattering.

For relatively smoothseedbedfields, L-VV is greaterthanL-HH, aspredictedby thesmall
perturbationmodel. Howeverasmorevegetationis addedon top (e.g.,barelyearly during
thegrowing season)the interactioncomponentwhich favorsL-HH becomesmore unportant
and the L-HH/L-VV ratio tends towards values greater than 1. This is illustrated at the end

of this report.

4. Future Work

Over the last few months a nearly complete data set of reach test site has been delivered by JPL
and the DLR, posing a tremendous challenge to process and evaluate such large data sets before
the end of our project (December 1996). However only a limited number of SIR-C scenes were
taken in the full-polarimetric mode and since these allow for a complete analysis of backscatter
features, we will concentrate on using these first, and move on to the other ones later. Specific

goals for next year are

• Inter-test site comparisons of classification results and backscatter signatures for certain crop

types.

• Analysis of data collected during the second shuttle mission.

Classification of crop and land cover types in an unknown region (i.e., for which no ground
truth was collected by our institute). Two candidate areas imaged during the SIR-C/X-SAR
mission are:

1. Erdingen (west of Munich) where classification results can be compared to the official

agricultural statistics for the region.

2. StraBbourg (France) in collaboration with SERTIT, who would provide us with the crop

maps after a classification of the area was carried out.

5. Publications/Proceedings

Docter, K., M.W.J. Davidson, R. Steingiel3er, and W. Kiihbauch, "Multitemporale
Pernerkundunglandwirtschaftlicher Nutzfl_ichen," Proceedings of the 1st German-French

Colloquium for Remote Sensing, Bonn, January 1995.

Kiihbauch, W., M. W. J. Davidson, R. SteingieBer, and K. Dockter, "Investigation of the

agricultural land use in Italy and Germany by means of the mult-band/mulfi-frequency SIR-
C/X-SAR system," Proceedings of the 1995 International Geoscience and Remote Sensing

Symposium (IGARSS), Florence, Italy, July 1995, pp. 1061-1063.
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Davidson,M. W. J.,R. SteingieBer,andW. Ktihbauch,"Exploiting multi-frequencymulti-
polarizationradarimagesfor mappingcrop typesearlyduringthegrowingseason,"Proceedings

for the 1st International Symposium of the Retrieval of Bio and Geophysical Parameters from
SAR Data for Land Applications, Toulouse, France, October 1995, (in press).

Davidson, M. W. J., R. Steingiel3er, and W. Ktihbauch, "A comparison of two classification
methods for mapping crop types early during the growing season using SIR-C/X-SAR data,"
IEEE Transactions on Geoscience (Special Issue), (in preparation).

In addition, papers are being prepared for IGARSS '96 (USA) and EUSAR '96 (Germany).
Other activities have included an information seminar with the regional agricultural office of
FiJrstenfeldbruck, near Munich, where results from the first mission were presented to staff and
those farmers involved with our project. In the future we hope to publish three peer-reviewed

papers; one on classification methodology for multi-parameter SAR, one on the analysis of
backscattered signatures as a function of crop condition and a final one on inter-test site
comparisons and the classification of an unknown agricultural area.
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The Ratio L-HWL-VV as an Indicator of
Vegetation Levels

Oberpfaffenhofen Germany
SIIR-C/X-SAR data from April 11th, 1994
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The ratio of L-Dana HH over VV returns is an indicator of the amount of vegetation
scattering with respect to soil scattering. For bare soils the vertically polarised
returns are higher so that the ratio values lie below the L-HH/L-VV=I line. When
vegetation is present, the higher interaction at HH polarisation with respect to VV
polarisation between vegetation and the illuminating radiation, causes the ratio of
the HH and W returns to move above the L-HH/L-VV=I line. The shifts in the case
of barley fields were small since very little biomass was present this eady during the
growing season.
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Research activity has been developed in the following areas:

• Development of innovative processing codes for Interferometric SAR (IFSAR) image
generation

• Development of innovative architectures for real-time SAR data processing

The research activity is briefly summarized and appropriate references provided.

1. Innovative IFSAR processing codes.

Two problems have been studied: IFSAR image registration and phase unwrapping.

As far as image registration is concerned, an innovative procedure has been developed and
implemented: the raw data couple is processed with respect to a common reference point,
thus assuming accurate automatic registration with no need of image interpolation
procedures. However, the two images are deformed: one is stretched and the other is

compressed; but these deformations are efficiently accounted for with a scaling procedure.
Experiments on real data validated the procedure.

References:

[1] Fomaro, G. and G. Franceschetti, "Image registration in interferometric SAR

processing," in print on P roc. IEEE on Radar, Sonar and Navigation, December 1995.
[2] Fornaro, G. and G. Franceschetti, "A new approach for image registration in

interferometric processing," IGARSS '94, pp. 1983-1985, Pasadena, CA, (USA),
1994.

[3] Fornaro, G. and G. Franceschetti, "Image registration in interferometric SAR,"
EUROPTO, Parigi, (Francia), September 1995.

Coming to the phase unwrapping, an innovative procedure has been developed and
implemented. The procedure is based on the first Green's identity, is robust as far as noise

is concerned, and limits the spread of DEM errors due to phase undersampling or low
signal to noise ratio. Experiments on real data validated the procedure. In addition, new
innovative procedures based on a variational formulation of phase retrieval is under
investigation.

References:

[1] Fornaro, G. and G. Franceschetti, R. Lanari, J. Moreira, et al. "X-SAR

interferometry, first results," 1EEE Trans. Geosci. Remote Sensing, 33, pp. 950-956,
1995.

[2] Fornaro, G. and G. Franceschetti, R. Lanari "Interferometric SAR phase unwrapping
using Green's formulation," accepted by IEEE Trans. Geosci. Remote Sensing.
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[3] Isernia, T, V. Pascazio,R. Pierri, and G. Schirinzi, "Image reconstructionfrom
Fouriertransformmagnitudewith applicationsto SAR imaging,"acceptedby J. Opt.
Soc. Am. A.
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"Phase retrieval in antennas and remote sensing," 3rd EMC & CEM ESA Workshop,
Pisa (Italy), 1993.

[6] Isernia, T., G. Leone, V. Pascazio, R. Pierri, and G. Schirinzi, "Application of phase
retrieval techniques in Synthetic Aperture Radar data processing," PIERS '93,
Pasadena (USA), 1993.

[7] Isernia, T., G. Leone, V. Pascazio, R. Pierri, G. Schirinzi, and F. Soldovieri, "Non
linear inversion in E. M. imaging, PIERS '94, pp. 768-772, Noordwijk (The
Nederlands), 1994.
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based on the Laplace Eikonal equations," IGARSS '95, Firenze (Italy), 3, pp. 1828-
1830, 1995.

2. Innovative real-time architectures for SAR processing

An innovative architecture for real-time processing of a one-bit coded SAR signal has been
designed. The architecture makes use of only phase shifters and adders; the elementary cell
has been already realized, thus validating the original idea.

It is intended to realize a full prototype, to be using during the third SIR-C/X-SAR mission
for a real-time processing demonstration. It is planned to realize the hardware in
cooperation with CGS (Matera), under the ASI sponsorship. Obviously, ASI funding of
the project is a critical point.
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The International Society for Optical Engineering, 19941, pp. 182-188, Orlando, FL,
(USA), 1993.

[4] Fornaro, G., G. Franceschetti, V. Pascazio, and G. Schirinzi, "Signum coded SAR
interferometry," IGARSS '95, Firenze (Italy), pp. 778-780, 1995.
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1. State of the activity

The research activity at the Department of Information Engineering of the University of
Pisa (Italy) has been mainly concerned with the def'mition of suitable processing procedures
for estimating the two-dimensional sea wave spectrum from Synthetic Aperture Radar
(SAR) images [1].

Classical methods proposed in the literature rely on the def'mition of a suitable analytical
relationship between the sea-wave spectrum and the corresponding SAR image spectrum.
This relationship accounts for the main effects contributing to the image formation process,
as for instance velocity bunching, hydrodynamic phenomena, tilting of the local sea surface
normal. In the most general case, the function relating the two-dimensional sea wave

spectrum to SAR image spectrum is non-linear, rendering the inversion procedure a very
complicated task. A solution to this latter problem can be obtained by resorting to an
iterative technique, based on the minimization of a suitable functional. To this end, a sea
wave first guess spectrum is assumed; then, this estimate is upgraded at each iteration till

convergence is obtained. It is important to note that the convergence of the algorithm
strongly depends on the first guess choice, which, in order to guarantee the effectiveness of

the procedure, must be not too far from the actual sea wave spectrum. This guess is usually
determined through hydrodynamic models or buoy measurements.

The availability of experimental data, contemporaneously recorded with in situ
measurements, is of fundamental importance for testing and validating the aforementioned
techniques. Moreover, this comparative analysis may also suggest optimization and
extensions of these spectral estimation methods.

2. Significant results

At a f'wst stage, these techniques are being applied to areas of the Mediterranean Sea. The

attention is mainly devoted to the tuscan and ligurian coasts and in particular to La Spezia
and Genoa Gulfs, where in situ measurements are available for our research group. These
two gulfs represented a test-site during the last two SIR-C/X-SAR missions, but
unfortunately no data relevant to this test-site were recorded during the missions. However,
comparisons between experimental and numerical results have been performed using
images recorded by the European satellite ERS-1.

A considerable part of the activity is devoted to the definition of efficient inversion
algorithms making use of a numerical simulator previously implemented. This latter

numerical code allows reconstruction of the SAR raw signal received by the spacebome
radar sensor in the presence of specific values of physical parameters as, for instance, local
wind direction and intensity, and possible presence of swell. It can be used in the
framework of an iterative inversion algorithm to provide a more accurate estimate of the
SAR image spectrum generated from an assigned sea wave spectrum [2]. This evaluation is

needed at each iteration step and is usually performed by an analytical transform. The
introduction of this numerical tool may allow us to gain a deeper physical insight into
several phenomena contributing to the SAR image formation process. It is important to note
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that this can be obtainedat the expenseof an increasedcomputationalcost which is
essentiallydue to thetime-varyingcharacterof the seasurface.This latter aspectmakes
numericalmodellingvery cumbersome.The simulationcode implementedis capableof
describingthecaseof a RealApertureRadar(RAR) systemaswell. Consequently,to the
end of validatingthe simulator, numericaltestshavebeencarriedout, comparingtheir
outputswith experimentaldatapresentedin theliterature[3], [4].

3. Futuredevelopmentsanddatarequest

ConcerningthenextSIR-C/X-SARmission,theacquisitionof imagesof theseasurfaceby
a two-antenna SAR system is of remarkableinterest for the applications under
consideration.Significant improvementsin the above estimationprocedurescould be
obtainedwith sucha system[5]. By extendingthenumericalsimulatorimplemented,the
experimentcould be simulateda priori to analyze the advantages of this operating
configuration and to test the effectiveness of processing techniques. Later on, during the
next mission, an /n situ measurement campaign could be performed for validating both
processing and numerical simulation. For these reasons, we are strongly interested, for the
future developments of this research activity, in the acquisition of data relevant to the La
Spezia and Genoa Gulf test sites during the next SIR-C/X-SAR mission in a two-antenna
SAR configuration.

4. References
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the sea surface for remote sensing applications," 1996 International Geoscience and
Remote Sensing Symposium (IGARSS '96), Lincoln, Nebraska, May 27-31, 1996.

[5] Milman, A. S., A. O. Scheffler, and J. R. Bennett, "Ocean imaging with two-antenna
radars," IEEE Trans. on Antennas Propagat., Vol. AP-40, No. 6, June 1992.
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SIR-C/X-SAR Experiment on Montespertoli test site

1. Data Acquisition

1.1 Data takes

a) April: 7 data takes at incidence angles between 24 ° and 55 °- weather conditions:
scattered rains.

b) October:. 5 data takes at incidence angles between 24 ° and 55 ° (35 ° was missing) -
weather conditions: clouds and showers.

SIR-C data at incidence angles lower than 45 degrees were full polarimetric.

1.2 Delivering/Processing

All SIR-C data collected in April and October have been delivered and processed. Only X-
SAR data collected in April have been delivered and processed.

1.3 Calibration

A check, carried out with external Calibrators (Comer reflectors), has shown a good
calibration of SIR-C data, whereas X-SAR data had to be calibrated.

2. Results

- A comparison with ERS-1, JERS-1 and AIRSAR data has shown a very good
consistency of L- and C-band data.

- The sensitivity of L-band HV pol to both arboreous and herbaceous vegetation biomass
has been confirmed.

- A good separation between bare and vegetated fields has been obtained from the ratio
RL/RR at C band.

3. Publications:

Journals:

[1] Baronti, S., F. Del Frate, S. Paloscia, P. Pampaloni and D. Solimini, 1995 "SAR
polarimetric features of agricultural areas," lnt. J. Remote Sensing, vol. 16, no. 14,
pp. 2639-2656.

[2] Ferrazzoli, P., S. Paloscia, P. Pampaloni, G. Schiavon, S. Sigismondi and D.
Solimini, 1996, "The potential of multifrequency polarimetric SAR in assessing
agricultural and arboreous biomass," submitted to IEEE Trans. Geosci.Remote
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Sensing Special Issue, "Symposium on Retrieval of Geo-and Bio-Physical Parameters
from SAR data for Land Application."

Conference Digests:

[1] Pampaloni, P. , S. Palo,scia and S. Sigismondi, 1995, "The Microwave
Backscattering of Vineyards, Proc.International Geoscience and Remote Sensing
Symposium, IGARSS '95, Firenze (Italy), T. Stein Editor, pp. 222-223, IEEE N
95CH 35770, ISBN 0-7803-2567-2.

[2] Baronti, S., G. Macelloni, S. Paloscia, P. Pampaloni and S. Sigismondi, 1995, "An
Automatic Method for Land Surface Classification using Multi-frequency Polarimetric
SAR Data", Proc. International Geoscience and Remote Sensing Symposium,
IGARSS'95, Firenze (Italy), T. Stein Editor, pp. 973-975, IEEE N 95CH 35770,
ISBN 0-7803-2567-2.

[3] Ballerini, P., F. Catani, S. Moretti, S. Paloscia, P. Pampaloni and S. Sigismondi,
1995,"Hydrological modeling integrated with multifrequency SAIl data on the Pesa
and Virginio basins of Montespertoli site," Proc. International Geoscience and Remote
Sensing Symposium, IGARSS '95, Firenze (Italy), T. Stein Editor, pp. 1055-1057,
IEEE N 95CH 35770, ISBN 7803-2567-2.

[4] Amodeo, G., P. de Matthaeis , P. Ferrazzoli, S. Paloscia, P. Pampaloni, G.
Schiavon, S. Sigismondi and D. Solimini, 1995, "The potential of multifrequency
polarimetric SAR in assessing agricultural and arboreous biomass," Proc. Int. Syrup.
Retrieval of Geophysical Parameters from SAR Data for Land Application, Toulouse
(France) 10-13 October 1995.

[5] Ferrazzoli, P., S. Luciani, G.Schiavon, D. Solimini, P. Pampaloni, S. Paloscia and
S. Sigismondi 1995, "Correlating Polarimetric SAR data with vegetation biomass",
Progress in Electromagnetic Research Symposium (PIERS '95), 24-28 July 1995,
Seattle, Washington, USA.

[6] Coppo, P., G. Macelloni, P. Pampaloni, S. Paloscia and S. Sigismondi, 1996, "The
SIR-C /X-SAR experiment: the sensitivity of microwave backscattering to surface
roughness of bare soils," Proc. Int. Geosci. Remote Sensing Symp. (IGARSS '96),
Lincoln, Nebraska.

[7] Amodeo, G., P. de Matthaeis, P.Ferrazzoli, S. Paloscia, P. Pampaloni, G.Schiavon,
S. Sigismondi and D. Solimini, 1996, "Monitoring vegetation features with
multi-temporal SAR data," Proc. Int. Geosci. Remote Sensing Symp. (IGARSS
'96), Lincoln, Nebraska.

4. Future plans

4.1 Planned investigations

a) Sensitivity to soil moisture and surface roughness parameters
b) Comparison of experimental data with theoretical models of surface roughness (IEM,
GO, SPM)

c) Assimilation of SAR data in Hydrological models
d) Interferometry of hilly areas

4.2 Publications:

Accepted conference communications and Invited Papers:
[1] Coppo, P., S. Lolli, G. Nesti, P.Pampaloni and D. Tarchi, 1996, "Microwave surface

scattering models validation on artificial dielectric surfaces at the EMSL," Invited paper
Progress in Electromagnetic Research Symposium (PIERS '96), Innsbruck 8-12/7/96,
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session:"Experimentalstudieson microwaveemissionand scatteringfrom rough
surfaces,"organizedby P.Pampaloni.

[2] Coppo, P., G. Macelloni, P. Pampaloni, S. Paloscia and S. Sigismondi, 1996, "The
sensitivity of microwave backscattering to surface roughness of bare soils," Invited
paper Progress in Electromagnetic Research Symposium (PIERS '96), Innsbruck

8-12/7/96, session: "Experimental studies on microwave emission and scattering from
rough surfaces", organized by P. Pampaloni.

[3] Pampalon, P., G. Macelloni, S. Paloscia and S. Sigismondi, 1996, "Multifrequency
SAR sensitivity to hydrological parameters: the SIR-C/X-SAR experiment on
Montespertoli supersite", Invited Paper at URSI General Assembly, Lille 28.8-5.9
1996, session : SIR-C/X-SAR results.

[4] Pampaloni, P., G. Macelloni, S. Paloscia, R. Ruisi and C. Susini, 1996, "Estimating
Crop Biomass with Microwave Sensors", Invited Paper at URSI General Assembly,
Lille 28.8-5.9 1996, session • Remote Sensing for ecology.

[5] Pampaloni, P., 1996, "Microwave remote sensing of soil and vegetation parameters,
Invited Paper at the International Congress on Environment Climate, ICEC-96. Roma
(Italy), March 4-8, 1996.

Research Papers on subjects a, b, c will be submitted to International Journals.
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SAR Interferometry: Summary of the Research Activities at POLIMI

From 1987, the research activities on SAR data processing at POLIMI have been mainly
devoted to problem solving for specific SAR missions. Many problems stem from the fact
that the available satellite missions (e.g., SEASAT, ERS-1, ERS-2, Radarsat) have not
been designed for interferometrical applications.

Here is a summary of the POLIMI activities on SAR data processing with present activities
in italics and most recent research in bold.

1 - Phase preserving focusing. A focusing technique (w-k) that preserves the phase of
the scatterers has been introduced in 1987 and tested on SEASAT data [1, 2, 3]. It is
now the basic processing used at POLIMI and many other sites to focus satellite and
airborne SAR images to be exploited for interferometric applications [4]. A phase
preserving test suggested by ESA shows that the phase dispersion and the phase

constant term introduced by the o>--_: focusing are less than 0.1 and 10 -4 degrees

respectively.

2 - Doppler Centroid ambiguity estimation. A blind deconvolution technique for DC
ambiguity estimation in the case of the {\bf SIR-C/X-SAR} data [5] has been developed
as well as a technique for efficient focusing of SAR data with time and space varying
DC [6].

3 - |nterferogram generation. A software code made in POLIMI for interferogram
generation [11,10] from ERS-1 and ERS-2 images has been extensively tested at ESA-
ESRIN and then distributed via Internet. Its features include:

image registration within the limit imposed by coherence (e.g., 1/50th of a pixel for
coherence better than 0.4),

- coherence map generation;
- azimuth and range local frequencies (linked to terrain slopes) estimation;
- local spectral shift f'tltering [7,8];
- fringe generation and filtering.

Recent and ongoing research activities:

(3 a) - Quick-look interferometric processing for ERS data (i.e., generation of
interferograms and coherence maps of a 30 x 100 km area with a 100 x 100 m resolution in
about 8 minutes on a typical low-cost workstation).

(3 b) - Optimization of the tradeoffbetween local spatial resolution and phase noise of the
interferogram.

(3 c) - Study of efficient and phase preserving interpolators for image registration in case
of single pass interferometry (e.g., the envisaged 3rd SIR-C/X-SAR mission) where the
theoretical coherence is close to 1.
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4 - Phase unwrapping. Both local (i.e., ghost lines) and global (i.e.
Squares) techniques have been developed, compared, and combined

unwrapped phase with the minimum interaction with the operator [11].

Recent and ongoing research activities:

Least Mean

to get the

(4 a) - Phase unwrapping using multibaseline interferometric SAR images.

(4 b) - 3-D target reconstruction (e.g., getting resolution in foreshortening and
layover areas) using multibaseline images [13, 14, 16, 18].

5 - Phase nreservin_ ScanSAR focusing. A technique has been developed for
efficient pha_ preserving ScanSAR focusing [ 15, 17]. The technique has been tested on

Radarsat data simulated using ERS-1 data. Repeat-pass ScanSAR interferometry has
also been analyzed and simulated using ERS-1 data.

Recent and ongoing research activities:

(5 a) - Use of Radarsat data.

(5 b) - Phase consistent block mosaicking both in azimuth and in range (subswaths).

• 6 - Combination of ascendine and descendin2 satellite passe::. Ascending
and descending interferometric ERS-1 passes have-been exploited to overcome the
problem of foreshortening and layover due to the steep off-nadir angle [12].
Foreshortening areas in one pass are well imaged in the other if not in shadow.

7 - Differential interferomcVy. Differential interferometry for cenfimetric terrain motion
estimation has been tested in different situations: a landslide in St. Etienne de Tinee,
subsidence along the Adriatic coast in Italy and in the area of Pozzuoli (Naples) [ 19].
From a methodological point of view a criterion for image selection and methods for
differential phase generation that do not need phase unwrapping have been identified.

Recent and ongoing research activities:

(7 a) Use of the interferometric quick look for image browsing.

• 8 - Interference cancellation A technique for e.m. interference cancellation has
been successfully tested on SAR P-band airborne images.

• 9 - Future activip¢; X-SAR boom motion comoensatio_. One of the main problems
envisaged for the next SIR-C/X-SAR mission is-the effect of the 60m boom oscillations

on the single pass interferogram generation (especially in X-band). We plan to develop
techniques for estimating and compensating these effects from the data themselves.
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Analysis of SIR-C/X-SAR Data on Montespertoli Test Site

In_oducdon

Our analysis refers to Multi Look Complex (MLC) data, which have been multilooked and

usually resampled to a ground range projection. Two different data products, depending on
the polarization mode, have been provided by NASA/JPL: quad-pol data, with 10 bytes per
pixel, containing the information on all polarization combinations and phase differences

between polarizations; dual-pol data, with 5 bytes per pixel, containing information only on
two polarization combinations and phase differences between them. From the software

development point of view, it is important to point out that there are many differences
between AIRSAR format data and SIR-C format data, even if the set of data by itself is
very similar. For X-SAR, the standard Multi.look Ground-range Detected (MGD) data
products have been selected and were provided by I-PAF.

Status of data analysis

The Montespertoli test site

The Montespertoli test site is located in Tuscany (Italy), a few kilometers South East of

Florence and has been selected as a SIR-C/X-SAR super-site. It is a representative example
of those Thyrrenian-Appennine slopes where bedrock is made up of Plio-Pleistocene

marine deposits and fluvial/lacustrine soft sediments, which were intensively affected by
geomorphological processes of erosion and mass movements. More than half of the site is

hilly (the average height is 250 m above the sea level), with some small forest areas,
vineyards, olive groves, agricultural fields, pastures, and small urban areas. The remaining
part is flat with alluvial wetlands of Pesa river, agricultural fields and urbanization. Two

areas have been selected for ground truth measurements: a relatively flat area along the
Pesa river, including agricultural fields, which, depending on the season, may grow
different crops (mainly wheat, barley, alfalfa, colza, sorghum, sunflower and corn), bare
soils, and a small sub-basin of Virginio river. The average field size is about 4-5 ha. The
Montespertoli super-site was imaged on seven different days with different incidence
angles during both the April and October 1994 missions. Due to system limitations and
compatibility with data takes over other sites, fully polarimetric SIR-C data were available
only for four data takes, i.e., 12, 13, 14, and 15 April, whereas dual-polarization data have
been provided for the remaining three. A list of these data take segments is given in Table1.
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Data
Take

50.30

66.41

82.30

98.20

114.31
130.30

146.30

Scene Center

(GMT)

12 April 1994,

13 April 1994,

14 April 1994,

15 April 1994,

16 April 1994,

Time

12:06

Incidence Angle
(deg)
26.7

10:46

11:46 35.2

11:27 44.2

11:07 48.5

52.6

17 April 1994, 10:25
18 April 1994, 10:03

Table 1

55.6
57.5

The X-SAR data corresponding to the same data take segments are also available.

Software development

The software developed and used for analyzing the AIRSAR data taken in the course of the
MAESTRO-1 and MAC-EUROPE '91 campaigns has formed the basis for the SIR-C/X-

SAR data analysis. However, the mentioned differences between the AIRSAR and the
SIR-C/X-SAR data formats and the fact that the previous software had been developed
under VMS and basic in a VAX environment, resulted in a major effort to implement the
adjourned algorithms in the recently available UNIX/X-window Hp environment. The
main features of the developed software include:

.

II.
III.

IV.
V.

SAR data reading and image visualization;
polygonal area selection with shifting capabilities;
computation of average values of
A. backscattering coefficients at each needed polarization state,
B. phase differences between polarizations,
C. correlation coefficients at relevant polarization states within

polygonal area;
visualization of single or combined average values;
creation of auxiliary input fries.

a chosen

A total of 98 polygonal areas (77 in the Pesa river sub-site and 21 in the Virginio sub-site)
have been constructed within the Montespertoli site. Both extensive and intensive ground
truth data have been collected in correspondence of the April and October periods of the
Shuttle mission. Data collections have taken place on 7, 11, 13, 14 and 19 April and on 5
October, 1994. Ground data regard the soil and vegetation parameters which have a major
effect on the radar response of the surface, i.e.:

I° vegetation parameters:
A. type of crop or grass
B. phenological state
C. fresh and dry weights
D. water content of leaves
E. water content of stalks and stems
F. leaf area index

G. cultivation geometry
H. dimensions of leaves
I. dimensions of stalks and stems;
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II. soil parameters:
A. soil moistureprofile (between0 and2.5cm,0 and5 cm,and5 and15cm)
B. soil density
C. soil surface rms roughness

D. soil roughness correlation length.

Data calibration and validation

A first step consisted in the comparison of SIR-C data with those taken by the AIRSAR on
the same Montespertoli area in 1991 (MAC-Europe campaign), which underwent
calibration by means of comer reflectors and extensive validation. At this stage of data
analysis, backscattering values measured by SIR-C L- and C-band radar appear to be
consistent with those of the MAC-Europe campaign.

Data analysis

At present, the following quantities have been computed from the April SIR-C data for each
of the 98 polygonal areas selected within the Montespertoli site:

I°

II.
I11.

backscattering coefficients at hh, hv, vv, rr, rl, 45 degree co-pol, 45 deg cross-
pol;

phase differences between hh and vv and hh and hv returns;
conventional and new (circular polarizations and "scalar") correlation coefficients
for the fully polarimetric L- and C-band data.

In the case of dual-polarized data, the computed quantities are consequently and
substantially reduced. As far as SAR-X data are concerned, only a single quantity can be
computed from the radar data, i.e., the mean vv backscattering coefficient. The
computation of the X-band average values for the same surface parcels for which the above
L- and C-band quantifies were obtained has been carried out. The request for the October
mission data has been forwarded.

Obtained results

The aforementioned large preparatory activity needed for the extensive and systematic
analysis of the SIR-C/X-SAR data has absorbed a substantial fraction of the manpower
available for the SIR-C/X-SAR project. At this stage, only preliminary scientifically
significant results have been obtained. The L- and C-band backscattering coefficients have
been employed in a vegetation discrimination scheme, and their link with arboreous and

crop biomass has been determined, thus establishing a further step towards the monitoring
of vegetation by SAR sensors [1], [2]. It should be noted, however, that the season of the

flights was not favorable from this point of view, since only few types of crops in spring
and almost only bare soil in autumn were present. A study on the correlation with soil
moisture content has also been undertaken and results are now being obtained [5].

Inclusion of the April SIR-C/X-SAR and October measurements into our backscattering
database is planned to obtain additional important multi-temporal information on the radar
response to vegetation and soil moisture [3], [4].
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Future activities and data requests

As said, the October data have been requested and their analysis is planned to follow the
present April data study, adding relevant pieces of multi-temporal information. However, a
real breakthrough in this field would be produced by the availability of SIR-C/X-SAR data
covering an extended period of time, ideally one year, which would provide coverage of
the whole cycle of growth of vegetation and would span the entire hydrological cycle. The
possible launch of a free-flier multifrequency radar, as already discussed by NASA, could
provide such a useful wealth of data of high interest for practical applications of remote
sensing technology. Year-round systematic overflies of the AIRSAR could partially
replace the free-flier.
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1. State of the activity.

Our activity is mainly concerned with the detection and characterization of marine surface

films by means of multifrequency SAR. The activity outline was contained in the Proposal
"Marine SAR images at three frequencies" for the SIR-C missions. This study represents
the extension to the remote sensing of the methodology we developed to characterize sea
surface films by means of in situ measurements. The methodology requires: wave height
measurements inside and outside the film covered area, derivation of the their power
spectra to obtain the spectral ratio, the best fitting of the latter with the theoretical damping
ratio [1] for the extraction of the rheological parameters. In the remote sensing based
methodology the first two steps are substituted with a suitable analysis of multifrequency
SAP, data.

As far as the SIR-C/X-SAR data are concerned we considered the quick looks of the SAIl
data of the April and October '94 missions. We selected some scenes of the Northern Sea

containing some slicks. We are waiting for the digital data of the same images in the L-, C-
and X-bands in order to refine the model for the detection and characterization of slicks we
developed using SAR-580 and AIRSAR images.

During the flights of SAR-580 (October 1990) and AIRSAR (June 1991) we collected sea

truth data. We measured: time series of wind and temperature, of sigma zero by using L,
S, C platform based scatterometers, and of instant wave height (up to 26 Hz) by using a
microwave gauge [2] installed on platform or on board of a small boat.

In the above mentioned proposal we inserted another objective regarding the derivation,
from SAR images, of the spatial structure of the wind stress over the sea surface for

different meteorological conditions. Wind stress produces the sea surface roughness
which, interacting with the incoming e.m. waves via the Bragg resonance, is responsible
for the radar backscattering. A study carded out so far on the data of the SAR-580

campaign [3] provided evidence of the capabilities of this kind of analysis and the wealth of
information about the surface boundary layer that may be extracted by the SAR images.

2. Results and publications

The data processing of the SAR-580 campaign allowed us:

a) to affirm that the SAR signal attenuation in presence of sea surface fdms is in tight
connection to the measured damping of the wave components in Bragg condition [4, 5, 6,
7] and then, that the presence of sea surface films can be detected by means of SAIl
imagery.

b) to obtain wind stress spatial distributions. It has been possible, by studying the radar
backscattering structures, to infer the wind direction and evaluate the lifetime of the wind

stress bursts that create them. Furthermore, by analyzing the tail of the backscattering
structures (connected to the Bragg wave damping), we derived the translation velocity of
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thewind stressstructures.Finally wedesignedamodelfor thewind vectorextractionfrom
SARimagery.This modelis an improvementof apreviousone[8].

TheAIRSARcampaigndataprocessingdemonstratedthattherole of thebackscatteringdue
to Braggresonancein theSAR signalis prevalentover otherbackscatteringmechanisms
for incidenceanglesbetween16 and61 degreeswith VV polarization.From theP, L, C
bandsimagesof this campaign,by extractingthe correspondingBragg componentsfor
eachincidenceangle,we obtaineda wide portionof thehigh frequencyseaspectrainside
andoutsidethefilm coveredareas.We observedthesamespectraltrendsobtainedwith the
wave gauge.Spectralratiosobtainedfrom remotesensingand by meansof sea truth
measurementsarealmostcoincident.This demonstratesthe possibility of detectionand
characterizationof surfacefilms by meansof multifrequencySARimages[9].

Theseresultsarereportedin thereferences3,7, and9.

3.Futureactivity

Ouraim is theapplicationof thedescribedmethodologiestosome1994SIR-C/X-SARdata
in orderto tunemodelsandmethodologieswe developedusingthe dataof thepreparatory
flights.

While waiting for the 1997SIR-Cmissionwe planto performa preliminarymeasurement
campaignin theMediterraneanSea.

Aims of thecampaignarethefollowing:
a)evaluationof the amountof wind energytransferredto the seainsideand outsidethe
film;
b) investigationof the aspectsof theenergytransfer from shorterwaves,directly wind
coupled, to longer ones (in Bragg condition) which are responsible for the SAR
backscattering.
c) investigation about the damping effects in the marine environment caused by
concentrationandbreakingfor adsorptionandspreadingfilms respectively.We alsoplanto
makesomeartificial slick and surfacemeasurementswith ground basedscatterometers,
high frequencywave metersand to collectsurfacewater samplesfor physico-chemical
analysis.
d) improvingof theperformancesof theL, S,C scatterometerwith a new singlemultiband
antennaand testingof thenew Ku bandscatterometer.Tune-upof the new multi wire
interferentialmicrowaveprobe(10GHz)for themeasurementof bi-dimensionalseaspectra
in the gravito-capillaryregion useful for the understandingof the relation between
backscatteringandwaveazimuthandpossiblespectralfrequencyshiftsdueto seacurrents.

Such a campaignwill be conductedin collaborationwith several researchinstitutions
(Univ. Torino, Univ. Firenze,CNR-Torino,CNR-Venezia).

Finallyweplana secondcampaignin theMediterraneanSeaduring theSIR-C flight with
collectionof all theneededseatruthdata.

Theuseof thethree-bandimageswill alsopermitus to extendthe researchon the wind
stress.It will be possibleto extractthe wind speedfrom the comparisonbetweenthe
backscatteringintensities,and,thanksto the Braggcondition, to retrievethepatternof the
high frequencypart of the wave spectrum.A study aboutthe tail of the backscattering
structuresat the threebandswill permit theevaluationof the translationvelocity of the
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atmosphericstructures.Theplannedexperimentalcampaignwill beusefulin orderto match
theinformationof thetimestructurewith thatof thespatialstructure.Thisstudywill permit
us to obtainfrom SAR datathespatialpictureof the marinesurfacelayer as well as an
estimateof the fraction of area coveredby the wind stress structuresat different
atmosphericregimes.
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Progress Report on SAR Data Processing at IESI-CNR and Physics Department of the
University of Bari, Bad, Italy

The research activity of the two coordinate units at IESI-CNR and Physics Deptartment
of the University of Bad, Bad, Italy, is mainly addressed to SAR Interferometry
(INSAR).

In the last year, the following actions have been developed:

implementation of software modules for INSAR techniques, and their test on real
and simulated SAR data (in this phase, the ESRIN ERS-1 INSAR Reference
Data Set on Gennargentu (Sardinia, Italy) has been used);

verification of phase preserving performance of the Italian Space Agency
(ASI) X-SAR processor, by interferogram extraction from X-band data taken
at the Mt. Ema interferometric test site during the second SIR-C/X-SAR

mission.

sub-aperture Doppler rate estimation by analysis of Wigner-Ville joint time-
frequency distributions of automatically selected azimuth lines.

The following data sets from the second SIR-C/X-SAR mission have been required
through ASI, and received on the last December:

single look complex interferometric pairs of images on Mt. Etna, Sicily (Italy),
in L-band, C-band, and X-band (new ASI processing), for a multifrequency

INSAR experiment;

X-SAR raw data on Oberpfaffenhofen (Germany), and related Shuttle PATH

product, for a motion and attitude compensationexperiment.

A presentation has been submitted to IGARSS '96 Int. Symp., concerning the phase
unwrapping problem in the presence of phase inconsistencies due to noise and

topography. A single spectral band of the available SIR-C/X-SAR data on Mt. Etna will
be exploited in order to produce experimental results of our unwrapping technique.

Authors and title of this presentation should be: M. T. Chiaradia, L. Guerriero, G.

Pasquadello, A. Refice, and N. Veneziani, "Absolute Phase Determination in SAR
Interferometry."

Moreover, a technical note is in preparation, concerning a preliminary analysis and the
characterization of a pseudo-differential approach to the multifrequency INSAR. The aim
of this note is to define the outlines of an experiment based on the SIR-C/X-SAR
multiple frequency data of Mt. Etna, such that the whole data set may be exploited in an
integrated way during the phase unwrapping and the elevation map computation.
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With regardto theSIR-C/X-SARsystem,in thenearfuturethefollowing activitieswill be
developed.In order of priority:

experimentationon single and multifrequency INSAR techniques,aimed to
optimize the phase unwrappingprocedure;

analysisand compensationof different motion conditions, induced by platform
attitude changes, between the two radar antennas of a spaceborne bistatic INSAR
instrument (in reference to the interferometric SIR-C/X-SAR mission
foreseen).
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2-D

3-D

ADRO
AGARD
AGU
AIDAA
AIG
AIRSAR
APL
ARC
ARMAR
ASU
AVHRR
AVIRIS

BOREAS
BRGM

C
Co-I
CCD
CD-ROM
CEOS
CESBIO
CETP
CMOD-3, -4
CNN
CNRS-IMAGEO
CPD
CSAP
CSI
CSOWM
CSUF
CTD

D-PAF
DARA

DC-8
DEM
DLR
DMSP
DT
DTM

EARSeL
ECMWF
ECU
EECS
ELA
EM

ACRONYMS

two-dimensional

three-dimensional

Application Development and Remote Sensing Opportunity
Advisory Group for Aerospace Research and Development
American Geophysical Union
Associazione Italiana di Aeronautica e Astronautica

Applied Intelligence Group
Airborne Synthetic Aperture Radar
Applied Physics Lab
active radar calibrators

Airborne Rain Mapping Radar
Arizona State University
Advanced Very High Resolution Radiometer
Airborne Visible/Infrared Imaging Spectrometer

Boreal Eco System-Atmosphere Studies
Bureau de Recherches G6ologiques et Mini6res (OrlEans, France)

C-band

co-investigator
charged coupled device
compact disk read only memory
Committee on Earth Observations Satellites

Centre d'Etudes Spatiales de la Biosph6re
Centre d'Etudes des Environnements Terrestre et Plan6taires
C-band scatterometer model functions
Cable News Network

Centre National de la Recherche Scientifique-Imaging
C-band phase difference
Critical Size Area Project
Canopy Structure Index
Canadian Spectral Ocean Wave model
California State University, Fresno

conductivity temperature depth

German Processing and Archive Facility
Deutsche Agentur ftir Raumfahrtangelegenheiten (German Space
Agency)
Douglas Commercial aircraft - model 8
digital elevation map
Deutsche Forschungsanstalt ftir Luft- und Raumfahrt
Defense Meteorological Satellite Program
data take

digital terrain model

European Association of Remote Sensing Laboratories
European Center for Medium Range Weather Forecast
East Carolina University
Electrical Engineering and Computer Science

equilibrium line altitude
electromagnetic
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ENSEA
EOS
EPA
ERASME
ERIM
ERS-1,ERS-2
ESA
ESTAR
EUROPTO

EUSAR

FEL-TNO
FIR
FNMOC
FY

GCIP
GCM
GCP
GIS
GOM
GPS
GRS
GSFC
GTC

HF
HH
HV

ICESS
IDS

IEEE
IEM
IF
IGARSS
IGCP
IJRS
INPA

INPE
INRA
IR
IRSA
ISLC
ISPRSS'96

ITCZ
ITI
JERS-1
JGR
JPL

EcoleNationaleSuprrieurederElectroniqueet desesApplications
EarthObservingSystem
EnvironmentalProtectionAgency
ElectronicallySteerableAntennaCopolarScatterometer
EnvironmentalResearchInstituteof Michigan
EuropeanRemoteSensingSatellite,1and2
EuropeanSpaceAgency
ElectronicallySteeredThinnedArray Radiometer
EuroptoJointVentureEuropeanOpticalSocietyand International
Societyfor OpticalEngineering(EOS/SPIE)
EuropeanSyntheticApertureRadar

TNO - PhysicsandElectronicsLaboratory
finite impulseresponse
FleetNumericalMeteorologyandOceanographyCenter
fiscal year

GlobalChangeResearchProgram,alsoreferredto asGCPandGCRP
generalcirculationmodel
groundcontrol point
geographicinformationsystem
GeometricalOpticsModel
GeophysicalProcessorSystem,or GlobalPositioningSystem
Grid ReferenceSystem(SPOT)
GoddardSpaceFlightCenter
geocodedterraincorrected

high frequency
horizontalpolarizedtransmission,horizontallypolarizedreception
horizontalpolarizedtransmission,verticallypolarizedreception

Institutefor ComputationalEarthSystemScience
ImageDisplaySystem
IonosphereDetection System
Information Display System

Institute of Electrical and Electronics Engineers
integral equation method
intermediate frequency

International Geoscience And Remote Sensing Symposium
International Global Change Program

International Joumal of Remote Sensing
Instituto de Pesquisas Amazonas (Brazilian Institute for Amazonion
Research)

Instituto Nacional de Pesquisas Espaciais (Brazilian Space Agency)
Institut National de Recherche Agronomique
infrared

Institute for Remote Sensing Applications
interferometric single look complex

International Society for Photogrammetry and Remote Sensing
Symposium 1996

Intertropical Convergence Zone
Interaction Type Index

Japanese Earth Remote-Sensing Satellite
Journal of Geophysical Research

Jet Propulsion Laboratory

263



JSC

KEYT

L
LAI
LANDSAT
LDR
LLNL
LPD
LTER

MAC
MGD
MIT
MLD
MSS
MTF
MTPE

NAS
NASA
NASDA
NCAR
NDVI
NESDIS
NOAA
NRC
NS001
NSF

OCF

P
PARC
PD
PI

PIERS
POM

RADAR
RADARSAT
RAR
RAVEN
RCS
RDC
RESEDA
RMS
RSADU
RSD

SALT
SAPARC
SAR

Johnson Space Center

television station located in Santa Barbara, California, USA

L-band
Leaf Area Index
Land Satellite

linear depolarization ratio
Lawrence Livermore National Laboratory

L-band phase difference
Long Term Ecological Research (Program) (U.S. National Science
Foundation)

Multsensor Aircraft Campaign
multi-look ground-range detected
Massachusetts Institute of Technology
multi-look detected

Multispectral Scanner
modular transfer function
Mission to Planet Earth

Numerical Aerodynamic Simulation
National Aeronautics and Space Administration
National Space Development Agency (Japan)
National Center for Atmospheric Research
Normalized Difference Vegetation Index
National Environmental Satellite Data and Information Services

National Oceanic and Atmospheric Administration
National Research Council
Airborne LANDSAT simulator
National Science Foundation

Orbiter Computational Facilities

P-band

polarimetric active radar calibrator
phase difference
principal investigator
proportion-based indices
Progress In Electromagnetic Research Symposium
Physical Optics Model

radio detection and ranging
Radar Satellite

real aperture radar
Radar Analysis and Visualization Environment
radar cross section
Radar Data Center

Remote Sensor Data Analysis
root mean square
Remote Sensing Application Development Unit
reformatted signal data

Savanas in the Long Term
single antenna polarimetric active radar calibrator
synthetic aperture radar
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SAREX
SCANSAR
SIR-A, SIR-B
SIR-C/X-SAR
SLC
SMMR
SP
SPI
SPM
SPOT
SRG
SRL-1,SRL-2
SRL-3
SSC
SSM/I
STS59andSTS68
SWH

TGARS
TIMS
TIR
TM
TNTmips
TOPSAR
TV

UC
UCSB
UK
US
USDA
UTD

VH
VNIR
VSI
VV

WAM
WAMODEL
WHOI

SouthAmericanRadarExperiment(ESA)
scanningsyntheticapertureradar
ShuttleImagingRadar,-A, -B
SpacebomeImagingRadar-C/X-BandSyntheticApertureRadar
singlelook complex
ScanningMultichannel(or Multifrequency)MicrowaveRadiometer
small perturbation
SouthPatagonianIcefield
smallperturbationmodel
Syst_meProbatoired'Observationdela Terre
surfaceroughnessgauge
SpaceRadarLaboratoryflight 1andflight 2
ProposedFutureMissionSpaceRadarLaboratoryflight 3
singlelook slantrangecomplex
SpecialSensorMicrowave/Imager(DMSP)(U.S.Air Force)
Space Transportation System, flights 59 and 68
significant wave height

Transactions on Geoscience and Remote Sensing
Thermal Infrared Multispectral Scanner
thermal infrared

Thematic Mapper
map image processing system
Topographic Synthetic Aperture Radar
television

University of California
University of California, Santa Barbara
United Kingdom
United States

United States Department of Agriculture
University of Texas, Dallas

vertically polarized transmission, horizontally polarized reception
visible/near-infrared

volume scattering index

vertically polarized transmission, vertically polarized reception

wave analysis model

A third-generation wave prediction model
Woods Hole Oceanographic Institution
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